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Abstract
The ability of a cell to sense and respond to various forms of stress is essential to maintain integrity of the
genome. Numerous pathways have been implicated in cellular responses to environmental and genotoxic
stresses, often involving proteins and complexes that bind DNA directly to orchestrate changes in
transcription and genome organization. Chromatin insulators describe a class of protein complex that
bind specific sequences in the genome and work through two classically described functions: to restrict
communication between enhancers and promoters through physical separation into different genomic
domains and to prevent the spread of heterochromatin into euchromatic regions of the genome. Insulator
sites also demarcate the boundaries between topologically associating domains (TADs). Drosophila
melanogaster has an array of different insulator complexes, with each complex being recruited to
different sequences. Here, we demonstrate an interaction between proteins that associate with the gypsy
insulator and the phosphorylated histone variant H2Av (γH2Av), a marker of DNA double strand breaks.
The gypsy retrotransposon contains binding sites for Suppressor of Hair Wing (Su(Hw)), which interacts
with and recruits Mod(mdg4)67.2 and CP190. Components of this insulator complex colocalize with
γH2Av throughout the genome and at specific gypsy insertion sites. Mutation of insulator components
prevents stable H2Av phosphorylation in polytene chromatin. Deficiency for Su(Hw) in particular is also
associated with chromosomal aberrations in actively dividing larval neuroblasts. PP2A phosphatase
inhibition strengthens the association between insulator components and γH2Av and rescues γ
localization in insulator mutants. Likewise, mutation of His2Av affects binding of gypsy insulator
components in polytene chromatin. We demonstrate that mutation of su(Hw) suppresses the melanotic
tumor phenotype associated with the lack of H2Av. We also show that γH2Av is a component of insulator
stress bodies, and that phosphatase activity is required for insulator body dissolution after recovery from
stress. We propose a model in which H2Av and its phosphorylation are functionally linked with the activity
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of insulator binding proteins. Together, our results add to the growing body of evidence linking genome
organization to genome stability and provide potential clues to one such mechanism in flies.
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Chapter I: Introduction
Chromatin Insulator Function and Regulation in Drosophila
Genome compaction and stability
Eukaryotic genomes can span billions of base pairs of DNA over multiple chromosomes.

These

chromosomes must be compacted many times over for the entire genome to fit inside the relatively small
volume of the nucleus. In humans for example, the diploid genome is approximately two meters long but
must fit inside a nucleus that is only 10 μm long. This compaction must happen while still allowing the
genome to be functional, i.e. for genes to be accessible to DNA-binding proteins and for long-range
contacts between distant loci to form.
Eukaryotic chromosomes achieve this compaction largely through the formation of chromatin. In
chromatin, DNA is wrapped up in structures known as nucleosomes. These nucleosomes are formed
around an octameric complex of histone proteins. Canonical nucleosomes contain two copies each of the
histone proteins H2A, H2B, H3, and H4, although there are variants of histone proteins that can be added
to nucleosomes in lieu of the normal protein. Histone variants can have important roles in chromosome
structure (e.g. CENP-A helping define the centromere and provide a basis for interactions with the mitotic
kinetochore) or in gene regulation (e.g. effects on transcriptional activity upon epigenetic modification of
H3.3). Other histone variants are involved in maintaining genome integrity such as the H2AX variant found
in humans which becomes phosphorylated in response to DNA double strand breaks (DSBs) (Talbert and
Henikoff, 2021).
The integrity of chromosomes must be maintained if cells are to rely on them for proper gene
expression and replication/division. Genome instability can manifest itself as aneuploidy, small insertions
or deletions (indels), high levels of transposition, or large-scale chromosomal aberrations that can leave
chromosomes fragmented. Instability can result in misexpression of genes due to repositioning in the
genome or loss of expression altogether if the gene or an essential regulatory element is deleted (Negrini
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et al., 2010). Upon sensing extensive damage to the genome many cell types may undergo apoptosis, a
programmed cell death with the goal of eliminating that cell from otherwise normal tissue. Genome
instability that is not resolved through one of the various DNA damage repair pathways or through
apoptosis of damaged cells can have devastating effects on the organism. Chromosome aberrations or
fusion of non-homologous chromosomes can result in misexpression of key regulatory genes involved in
tissue homeostasis, leading to unregulated cell division and eventually tumor formation. The cell’s ability
to maintain genome integrity and repair damaged DNA is therefore essential for survival.

Role of insulators, mechanisms/looping
Heterochromatin blocking
How exactly complex eukaryotic genomes are able to coordinate thousands of contacts while sensing and
mitigating any potential damage has been the focus of much research in past decades. Through this work
it was found that much of genome organization is handled by genome architectural proteins, also known
as insulator proteins. These proteins were found to bind DNA at specific sites in the genome known as
insulator sites and act as boundaries between neighboring chromatin domains (Schoborg and Labrador,
2014). Insulators were initially described for their ability to prevent the spread of heterochromatin into
regions of active transcription and for their capacity to interrupt communication between enhancers and
promoters (Labrador and Corces, 2002). Early evidence to support the notion that insulators are
refractory to the propagation of heterochromatic marks comes from experiments examining how the
presence of insulator sites can affect transcription of a reporter gene. In Drosophila, flies with mutations
to the white gene may lack the red pigmentation normally found in their compound eyes. The mini-white
gene construct contains a wild-type copy of the white gene, resulting in varying degrees of rescue from
the white eye phenotype. When inserted randomly into the genome, this construct may end up in
heterochromatin and not be expressed or it may end up in actively transcribed euchromatin. If the
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construct finds itself in euchromatin there is still the potential for neighboring heterochromatin to spread
toward the construct, silencing it. Importantly, it was found that flanking the mini-white gene with
insulator sites prevents such transcriptional silencing, implying that the insulator acts as a block to
heterochromatin (Roseman et al., 1993).

Enhancer blocking
In addition to the ability of chromatin insulators to block the spread of heterochromatic epigenetic marks,
insulators also have the effect of either bringing together or separating gene promoters from their distant
regulatory elements such as tissue-specific enhancers. Evidence to support the idea that insulators act to
block enhancer activity was discovered by studies of the chicken β-globin gene. This locus was found to
contain a consensus binding site for the vertebrate CTCF protein that, when inserted between the
enhancer and promoter, prevents transcriptional activation (Bell et al., 1999). Further evidence comes
from the role that insulators play in the y2 and ct6 phenotypes seen in Drosophila. Both of these
phenotypes are caused by insertion of the gypsy retrotransposon between the promoters and specific
enhancers. These insertions contain binding sites for Suppressor of Hairy Wing [Su(HW)], which recruits
other components to form an insulator complex to prevent interactions between the regulatory
sequences on either end (Figure 2.9). This disrupts expression of the yellow and cut genes in tissues that
depend on distal enhancers for expression. Enhancers that fall on the same side of the insulator site as
the promoter are unaffected, and expression in these tissues proceeds normally. This ability to direct
interactions between regulatory elements through insulator protein binding gives cells a mechanism to
regulate expression in complex developmental contexts. Indeed, large-scale morphological development
in vertebrates depends on this insulator function, as defects in enhancer blocking by the CTCF insulator
was recently demonstrated to result in polydactyly in humans (Lupiáñez et al., 2015). Enhancer blocking
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is thus a potent mechanism for driving specific expression of key developmental genes during
embryogenesis and understanding the contribution of insulator proteins to this process is crucial.

Drosophila insulator diversity and regulation
Drosophila melanogaster has an array of different insulator complexes, with each complex being recruited
to different sequences in the genome (Bushey et al., 2009, Negre et al., 2010). Insulators were first
described in fruit flies with the discovery that the scs and scs’ sequences function as boundary elements,
inhibiting chromosomal position effects (Kellum and Schedl, 1991). Another insulator site, located within
the gypsy retrotransposon, has been thoroughly characterized for its ability to regulate transcription of
neighboring genes (Geyer and Corces, 1992).
A number of gypsy retrotransposons are present throughout the Drosophila genome (Hoskins et
al., 2015), and insertion or transposition of gypsy to a new locus may interrupt local transcriptional activity
and chromatin dynamics (Jack et al., 1991, Geyer and Corces, 1992). Insulator proteins are recruited to
gypsy through a 460-bp sequence composed of 12 binding sites for Suppressor of Hair Wing (Su(Hw))
(Geyer and Corces, 1992). The Su(Hw) protein contains an amino-terminal tandem array of a dozen C2H2
zinc finger domains (Kim et al., 1996) and a carboxy-terminal leucine zipper domain (Harrison et al., 1993)
that is essential for insulator activity through interactions with other insulator proteins (Melnikova,
Kostyuchenko, Molodina, et al., 2018). Su(Hw) specifically recruits one of the many isoforms of Modifier
of mdg4 (Mod(mdg4)67.2) through interactions between the carboxy-terminal domain of Su(Hw) and
carboxy-terminal acidic domain that is unique to the gypsy-binding isoform of Mod(mdg4) (Ghosh et al.,
2001) and through interactions between the amino-terminal end of Su(Hw) with the glutamine-rich
domain of Mod(mdg4)67.2 (Melnikova, Kostyuchenko, et al., 2017). Centrosomal Protein 190 (CP190),
another essential component of the gypsy insulator (Pai et al., 2004), was originally described through its
activity during the cell cycle, dissociating from chromatin during mitotic prophase and localizing to the
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centrosome (Ooegema et al., 1995). In chromatin, CP190 is found as an essential part of different
insulator complexes (Bushey et al., 2009) and is recruited to the gypsy insulator through interactions with
Mod(mdg4)67.2 (Pai et al., 2004) and the amino terminal domain of HIPP1 (HP1 and insulator partner
protein 1) (Melnikova et al., 2019). HIPP1 is the most recently described member of the gypsy insulator
complex (Alekseyenko et al., 2014) and functions to stabilize the interaction between Su(Hw) and CP190,
but is not required for insulator activity or transcriptional regulation (Glenn and Geyer, 2019, Melnikova
et al., 2019).
Insulator activity in gypsy is promoted by factors such as the interchromosomal EAST protein
(Golovnin et al., 2015, Melnikova, Shapovalov, et al., 2017) and the Chromatin-linked adapter for MSL
proteins (CLAMP) (Bag et al., 2019), while activity is negatively regulated by RNA-binding proteins
Rumpelstiltskin (King et al., 2014) and Shep (Chen et al., 2019). Insulator-binding proteins in Drosophila
can form aggregates known as insulator bodies (Gerasimova and Corces, 1998). The role of these bodies
in genome organization has been debated, and functions for insulator bodies have been proposed from
genome organization hubs to passive storage centers for insulator proteins (Gerasimova et al., 2000,
Labrador and Corces, 2002, Golovnin et al., 2012). Previous work in our lab has demonstrated a role for
insulator bodies in the cellular response to osmotic stress, with insulator proteins leaving chromatin and
forming bodies in the nucleoplasm as the environment becomes more hypertonic (Schoborg et al., 2013).
Of the gypsy insulator proteins, Su(Hw) is perhaps the best-characterized. Mutation of su(Hw) is
associated with female infertility (Klug et al., 1968, Harrison et al., 1993, Baxley et al., 2011, Hsu et al.,
2020) and alters the cell’s response to DNA damage (Lankenau et al., 2000). Outside of the gypsy insulator
complex, Su(Hw) binds many sites alone or in conjunction with either Mod(mdg4)67.2 or CP190 (Adryan
et al., 2007, Kuhn-Parnell et al., 2008, Bushey et al., 2009, Negre et al., 2010, Soshnev et al., 2012, Baxley
et al., 2017).
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Apart from its role in chromatin insulator activity, Su(Hw) is also a transcriptional repressor in
Drosophila oogenesis (Baxley et al., 2011) and regulates the expression of neuronal genes in tissues
outside the nervous system, including the ovary (Soshnev et al., 2013). Mutation of su(Hw) leads to
defects in the formation of ring canals between nurse cells, preventing the proper transport of maternal
morphogens during ovary development (Hsu et al., 2015). Ovaries in su(Hw) mutants also exhibit
malformed microtubule organizing centers and mislocalization of Gurken, a morphogen normally
sequestered to one end of the oocyte to direct axis determination in embryos (Hsu et al., 2020). Similar
to its role in oogenesis, Su(Hw) is critical for spermatogenesis through its activity as a transcriptional
repressor in somatic cyst cells in the male germline (Duan and Geyer, 2018).
Su(Hw) also participates in the DNA damage response, possibly as part of the search for
homologous sequences during homologous recombination (Lankenau et al., 2000). A role for insulators
in homologous recombination-based DNA repair has been well established with mammalian CTCF, which
is recruited to sites of DNA double strand breaks (DSBs) (Han et al., 2017, Hilmi et al., 2017, Lang et al.,
2017). Of clinical relevance, mutation of CTCF in humans is associated with various forms of cancer
(Docquier et al., 2005, Kemp et al., 2014, Canela et al., 2017, Guo et al., 2018). One of the first steps in
the cellular response to DSBs is the phosphorylation of a variant of H2A known as H2AX in mammalian
systems and H2Av in Drosophila (Rogakou et al., 1998, Baldi and Becker, 2013). H2AX is phosphorylated
by ATM (Ataxia-telangiectasia-mutated) kinase and DNA-dependent protein kinase (DNA-PK) in response
to ionizing radiation (Stiff et al., 2004) and by ATR (ataxia telangiectasia and Rad3-related) kinase after
cells experience replication-induced genotoxic stress (Ward and Chen, 2001). Phosphorylation of H2AX
leads to recruitment of numerous proteins involved in the DNA damage response (Sirbu and Cortez, 2013).
Upon resolution of the DSB, H2AX is dephosphorylated primarily by PP2A (Chowdhury et al., 2005). H2Av,
the sole Drosophila H2A variant (Baldi and Becker, 2013), combines the activities of mammalian H2AX and
H2AZ. Like H2AX, H2Av is phosphorylated in response to DNA damage (Madigan et al., 2002), and like
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H2AZ, phosphorylation of H2Av is involved in transcriptional regulation through activation of poly(ADPribose) polymerase 1 (PARP1) (Kotova et al., 2011).

Our laboratory previously demonstrated an

accumulation of phosphorylated H2Av (γH2Av) signal in the ovaries of su(Hw) mutants and the presence
of chromosomal aberrations in actively dividing larval neuroblasts lacking Su(Hw), suggesting a significant
connection between Su(Hw) activity and genome stability (Hsu et al., 2020). Furthermore, disruption of
Mei-41/ATR, a kinase responsible for phosphorylating H2Av among other targets upon DNA damage
(LaRocque et al., 2007), partially rescues the defective oogenesis phenotype associated with mutation of
su(Hw) (Hsu et al., 2020). While insulator-binding proteins have been described for their role in genome
organization and regulation in Drosophila, the mechanisms linking their activity to DNA repair remain
elusive.
Insulator activity may also be affected by post-translational modification of protein components.
One recently described example of this involves covalent attachment of poly(ADP-ribose) (PAR) by
poly(ADP-ribose) polymerase (PARP). PAR is a negatively charged polymer derived from nicotinamide
adenine dinucleotide (NAD+) that influences protein interactions through its numerous negative charges.
PARP localizes to insulator binding sites in polytene chromosomes and Su(Hw), Mod(mdg4)67.2, CP190,
and CTCF are PARylated in vivo. Inhibition of PARylation by addition of 3AB (3-aminobenzamide) reduces
binding of Mod(mdg4)67.2, CP190, and CTCF (Ong et al., 2013) and causes Su(Hw), Mod(mdg4)67.2,
CP190, and CTCF to dissociate from the nuclear lamina where they are normally found (Capelson and
Corces, 2005), a finding corroborated by RNAi of Parp. PARP inhibition also reduces the amount of CTCF
associated with CP190 in pull-down assays, suggesting that PARylation increases the stability of insulator
complexes in vivo. A link between PARP activity and insulator function was demonstrated using the gypsy
insertion alleles y2 and ct6 (Ong et al., 2013). Heterozygosity for the null mutation ParpCH1 results in darker
pigmentation in the y2 background and decreased ParpCH1 in backgrounds lacking either CP190 or
Mod(Mdg4)67.2. Likewise, mutating CP190 at the site of PARylation (K566A) rescues the ct6 phenotype,
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further supporting the idea that PARylation is necessary for insulator function. These findings in
Drosophila have a parallel in mammalian cells, as PARylation of the maternally imprinted H19 locus is
required for the insulator activity of CTCF but not its ability to bind genomic target sequences (Yu et al.,
2004). This relationship was demonstrated in flies by changes in expression of the white gene under
control of a Fab-8 insulator site situated between the white coding sequence and the eye enhancer
(Gerasimova et al., 2007, Mohan et al., 2007). This insulator requires CTCF and CP190 and becomes
inactivated in ParpCH1 heterozygotes, implying PARylation and regulation of insulator activity is conserved
between Drosophila and vertebrates.
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A version of the following section is currently being prepared for submission for peer review. The
manuscript below contains original work by James Ryan Simmons and Dr. Mariano Labrador.

Drosophila H2Av: Essential Regulator of Development

Abstract
Eukaryotic chromosomes are built around the base unit of the nucleosome, whose composition can affect
chromosome structure and transcription. Beyond the four canonical core histone proteins, histone
variants have evolved that can be exchanged into nucleosomes, imbuing them with for specialized
properties. H2Av, the sole H2A variant in Drosophila, combines the DNA repair functionality of the
vertebrate H2AX variant with the transcriptional regulation activity of the vertebrate H2AZ variant. This
makes H2Av activity, its placement into nucleosomes, and its post-translation modification attractive
targets for regulation by the cell. H2Av is phosphorylated in a conserved C-terminal domain in response
to DNA double strand breaks, promoting the DNA damage response. Phosphorylation of this site also
affects transcription of genes regulated by H2Av. Exchange between the canonical H2A and the H2Av
variant is highly regulated and depends on acetylation of a lysine in the N-terminal tail. Embryos are
supplied with ample H2Av protein from the oocyte that is stored in cytoplasmic lipid droplets. These
interactions are dynamic, with H2Av molecules exchanging between different lipid droplets and the
cytoplasm, limiting the amount of H2Av available to chromatin in the early embryo. Transcriptional
regulation by H2Av is necessary for proper development of numerous fly tissues and maintenance of stem
cell populations. H2Av regulates heterochromatin formation and interacts with chromatin architecture
proteins as means to influence transcriptional output. This review will summarize our knowledge of H2Av
regulation and dynamics with an emphasis on recent results that demonstrate how H2Av function affects
fruit fly development.
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Introduction
Histone proteins form the base unit of eukaryotic chromosome organization known as nucleosomes.
Regulation of chromatin via nucleosomes happens through two routes: post-translational modification of
histone amino-terminal tails (Jambhekar et al., 2019) and the substitution of canonical histone proteins
for histone variants (Talbert and Henikoff, 2021). Canonical nucleosomes are composed of around 147
base pairs of DNA (Richmond and Davey, 2003) along with two copies each of H2A, H2B, H3, and H4 (Luger
et al., 1997), but histone variants are common throughout genomes of archaea and eukaryotes
(Kawashima et al., 2015, Jiang and Berger, 2017, Martire and Banaszynski, 2020, Stevens et al., 2020).
Histone variants are characterized by sharing high similarity/identity with canonical histones but often
contain divergent sequences or extensions that provide unique binding surfaces that allow nucleosomes
to recruit specific proteins that influence chromatin activity.
Common roles for histone variants include regulation of transcriptional activity (Loyola et al.,
2006, Armache et al., 2020), structural roles such in the chromosome including the centromere (Sullivan
et al., 1994) and telomere (Lowell and Cross, 2004, Kim et al., 2019), genome replication (Lai and Pugh,
2017, Maxouri et al., 2018), regulation of stem cell differentiation (Gehre et al., 2020), and the response
to DNA damage (Rogakou et al., 1998). Mammalian genomes contain two key histone H2A variants with
divergent functions, H2AX and H2AZ. H2AX is phosphorylated in response to DNA double strand breaks;
this phosphorylation is one of the earliest steps in the DNA damage repair pathway and serves to recruit
DNA repair machinery to damaged loci (Rogakou et al., 1998). In contrast, H2AZ is not involved in DNA
damage repair, but instead regulates transcriptional activity by stimulating ATP-dependent chromatin
remodelers via an extended acidic patch (Goldman et al., 2010, Dann et al., 2017).
Drosophila provides a unique model to study the function of the H2A histone variants as the fruit
fly genome contains only one H2A variant, H2Av, which combines the activities of the mammalian H2AX
and H2AZ in one protein (van Daal et al., 1988, van Daal and Elgin, 1992). Initial characterization of H2Av
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revealed that, like H2AX, the C-terminal region becomes phosphorylated in response to DNA double
strand breaks (Madigan et al., 2002), and that, like H2AZ, transcriptional output of developmentally
regulated genes depends on incorporation of this histone variant into nucleosomes (Rust et al., 2018,
Scacchetti et al., 2020). Numerous findings have come to light recently that paint an essential role for
H2Av in the development and homeostasis of numerous tissues. This review will attempt to summarize
what is known about the evolution and function of Drosophila H2Av, its regulation though posttranslational modification, chromatin remodeling, and storage in lipid droplets, its role in animal
development, and interactions with chromatin architectural components.

Drosophila H2Av combines the functions of vertebrate H2AX and H2AZ
H2AX
H2AX is distinguished from H2A by the presence of a phosphorylation motif (SQD/EΦ, where Φ represents
a hydrophobic residue) appended to the C-terminus (Mannironi et al., 1989). The serine in this sequence
becomes phosphorylated in response to DNA double strand breaks (Rogakou et al., 1998). The DNA
damage response begins with detection of damage by the MRN complex, which is critical for the
subsequent activation of kinases responsible for marking the region as damaged (Lee and Paull, 2004,
Difilippantonio et al., 2005). Activation of the ATM kinase requires acetylation by the Tip60 histone
acetyltransferase (Sun et al., 2005, Sun et al., 2007). H2AX is phosphorylated in somatic cells of mice and
humans by ATM or ATR kinases, depending on whether the break is introduced by ionizing radiation or
replicative stress, respectively (Rogakou et al., 1998, Burma et al., 2001, Ward and Chen, 2001).
Phosphorylation of H2AX happens within minutes and spreads for megabases in both directions from the
site of damage (Rogakou et al., 1999). This serves as a scaffold to recruit enzymes needed to repair the
damaged locus, including BRCA1, Rad50/51, 53BP1, and MDC1 (Paull et al., 2000, Rappold et al., 2001,
Fernandez-Capetillo et al., 2002, Goldberg et al., 2003, Lou et al., 2003, Stewart et al., 2003, Ward et al.,
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2003). Phosphorylation of H2AX also stimulates activity of PARP1, leading to the recruitment of further
DNA repair proteins (Sharma et al., 2019).
In addition to DNA double strand breaks, H2AX gets phosphorylated in response to programmed
chromosomal rearrangements (Chen et al., 2000, Mahadevaiah et al., 2001) and apoptotic DNA laddering
(Rogakou et al., 2000), suggesting that this post-translational modification is a widely conserved response
to the presence of free DNA ends regardless of their origins. Despite its highly conserved role in the DDR,
there is some evidence to support a role in transcriptional regulation for H2AX as well. H2AX is enriched
at promoters of rDNA genes in mESCs where it helps repress expression of rDNA transcripts (Eleuteri et
al., 2018). H2AX phosphorylation is also essential for chromatin remodeling and silencing of expression
during male meiosis (Fernandez-Capetillo et al., 2003).

H2AZ
The other well conserved H2A variant in vertebrates is H2AZ, which is described largely for its activity in
transcriptional regulation and its ability to prevent the spread of heterochromatin into actively
transcribing euchromatic regions (Meneghini et al., 2003). The situation may not be so simple, as H2A.Z
is also involved in maintaining transcriptional silencing of some genes (Dhillon and Kamakaka, 2000, Li et
al., 2005, Billon and Côté, 2013) and is enriched in pericentric heterochromatin in early stages of mammal
development (Rangasamy et al., 2003).

H2AZ regulates transcription by helping to recruit RNA

polymerase II (Adam et al., 2001) and nucleosomes with H2AZ separate from DNA more easily than
canonical nucleosomes, increasing the accessibility of transcriptional machinery (Weber et al., 2014).
H2AZ is frequently enriched in enhancers (Brunelle et al., 2015) and the +1 nucleosome position (the 1st
full nucleosome after the transcription start site) in yeast, flies, and vertebrates (Raisner et al., 2005,
Zhang et al., 2005, Albert et al., 2007, Mavrich et al., 2008, Kotova et al., 2011, Weber et al., 2014,
Rudnizky et al., 2016, Bagchi et al., 2019). This nucleosome has influence over transcriptional activity by
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acting as a barrier to promoter escape by RNA polymerase. The presence of H2AZ or its orthologs in the
+1 nucleosome increases the rate of successful transcription (Weber et al., 2014). Several studies have
indicated that nucleosomes that contain H2AZ are less stable than those with canonical H2A (Abbott et
al., 2001, Placek et al., 2005). Indeed, nucleosomes containing H2AZ show lower breaking forces and
increased mobility compared to canonical nucleosomes (Rudnizky et al., 2016). Likewise, salt extraction
experiments have demonstrated that H2Av nucleosomes in Drosophila are soluble in relatively low salt
concentrations (Weber et al., 2010).

Drosophila H2Av and its Relation to H2AX and H2AZ
A homolog to vertebrate H2AZ was described in Drosophila, where it was first isolated when it was copurified with canonical H2A in nucleosomal preparations (Palmer et al., 1980). It was later demonstrated
that the Drosophila histone variant could be incorporated into nucleosomes in vitro in place of H2A
(Donahue et al., 1986). Drosophila H2Av is ubiquitously expressed and is essential for viability (van Daal
et al., 1988, van Daal and Elgin, 1992). This was demonstrated by the null allele His2Av810 (also known as
l(3)810), derived from EMS mutagenesis that deleted 311 base pairs including the entire second exon (van
Daal and Elgin, 1992). This mutation is homozygous lethal; however, larvae survive through third-instar
due to significant maternal contributions (Clarkson et al., 1999, Li et al., 2012). The presence of a carboxyterminal extension unique to H2Av is required for development and viability in Drosophila (Clarkson et al.,
1999). This C-terminal extension contains a SQAY phosphorylation site similar to that of vertebrate H2AX.
The serine in this extension is phosphorylated in response to DNA damage, demonstrating a conserved
function between H2Av and vertebrate H2AX (Madigan et al., 2002).
How Drosophila H2Av evolved and its relationship to its vertebrate orthologs sheds light on the
roles this variant plays and its mechanisms, and several models have been debated about its origins. One
model suggests that H2AX is descended from H2A, having acquired the C-terminal extension along the
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way. Another model proposes that H2A is derived from an ancestral H2AX gene that lost the C-terminal
SQ[E/D] Φ phosphorylation motif. Under this model, the H2Av variant evolved from H2AZ and acquired
its own phosphorylation site later in evolutionary time (Baldi and Becker, 2013). The simplicity of the Cterminal phosphorylation domain is thought to facilitate its addition to H2A-like proteins and supports a
model in which multiple H2AX-like proteins evolved independently (Henikoff and Smith, 2015). It is likely
that the H2AZ evolved before the canonical H2A in early eukaryotes as H2AZ is more conserved than H2A
in many eukaryotes (Talbert and Henikoff, 2010). Yeast lack the canonical H2A but have an H2AX protein
that is phosphorylated in response to DNA damage (Downs et al., 2000), supporting the idea that
canonical H2A proteins are derived from the primordial H2AX (Henikoff and Smith, 2015). More evidence
to support this model comes from the highly conserved role H2AX plays in the DNA damage response and
the finding that other vertebrate H2As are derived from an H2AX precursor (Talbert and Henikoff, 2010).
Despite this, H2AZ is considered monophyletic due to its conservation across eukaryotes while H2AX is
polyphyletic, with functional orthologs having evolved independently in several eukaryotic lineages
(Talbert and Henikoff, 2010).

H2AX-like Activity for H2Av
Like vertebrate H2AX, H2Av is a key signaling molecule early in the DNA damage response in Drosophila.
Several lines of evidence have been described to support this conservation of function and its implications
for the animal. H2Av is phosphorylated at serine 137 in the C-terminal extension in response to exogenous
DNA double strand break generation by X-ray irradiation (Madigan et al., 2002). Phosphorylation of H2Av
has also been noted in response to double strand breaks endogenously generated during meiotic
recombination in female flies (Jang et al., 2003, Joyce et al., 2011). Phosphorylation of H2Av occurs after
synaptonemal complex formation in meiotic cells of female flies, a process associated with the double
strand break formation needed for meiotic recombination (Jang et al., 2003, Mehrotra and McKim, 2006).
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H2Av is phosphorylated by ataxia telangiectasia-mutated/ataxia telangiectasia and Rad- related
(ATM and ATR) kinases, encoded by the tefu and mei-41 genes in Drosophila, respectively. Temperaturesensitive mutation of tefu results in mislocalization of Gurken, a developmental morphogen that helps
establish the dorso-ventral axis, within the oocyte as a result of unrepaired meiotic DSBs (Joyce et al.,
2011). Immunostaining for phosphorylated H2Av in oocytes is more intense in the tefu8 mutant but is
completely absent in mei-W864572; tefu double mutants, which are unable to produce meiotic DSBs. This
demonstrates that ATR activity is sufficient for H2Av phosphorylation in response to unrepaired meiotic
DSBs. Additionally, an absence of phosphorylated H2Av was noted in mei-41D3; tefu8 double mutants,
indicating that these ATM and ATR orthologs serve redundant purposes in regulation of H2Av (Joyce et al.,
2011).
Despite its early role in coordinating the DNA damage response, H2Av phosphorylation at S137 is
not essential for viability. Indeed, expression of a C-terminal deletion allele that is missing the phosphosite
serine and cannot be phosphorylated is sufficient to rescue viability in His2Av null animals (Clarkson et al.,
1999). His2Av mutant larvae display increased rates of apoptosis after ionizing radiation, however no
effect was found on lethality regardless of the developmental stage (Madigan et al., 2002). Despite this,
larvae expressing a phosphonull S137A mutation survive to adulthood following irradiation at a lower
frequency than wild type. This is associated with a lack of pADPr accumulation, suggesting that H2Av
regulates PARP1 activity in the DNA damage response (Kotova et al., 2011).
H2Av phosphorylation has also been noted at sites of underreplication in polytene chromosomes
generated as a result of endoreplication (Andreyeva et al., 2008). Polytene chromosomes in Drosophila
larval salivary glands are generated as a result of endoreplication and can contain over 1,000 copies of
each chromosome. Problems for replication can occur with transcriptionally silenced regions of the
genome, which replicate slower than actively transcribed regions and may fail to fully replicate before S
phase is over (Wallace and Orr-Weaver, 2005). This results in sites of underreplication, which effectively
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leaves unresolved DNA double strand breaks amidst the forest of chromosomes. It was shown that the
level of H2Av phosphorylation is correlated with the degree of underreplication (Andreyeva et al., 2008).
This indicates that these sites are perceived as double strand breaks in the cell and H2Av phosphorylation
may be involved in repair of underreplicated polytene DNA. Phosphorylation of H2Av is also a marker for
aging in Drosophila. In fly muscle tissues, H2Av phosphorylation is positively correlated with muscle
degeneration and accumulation of the apoptotic marker cleaved caspase-3, and increased
phosphorylation is associated with shorter longevity (Jeon et al., 2015).

H2AZ-like Activity for H2Av
Whereas vertebrates have largely separated the functions that H2A variants serve with respect to the
DNA damage response and transcriptional regulation, Drosophila H2Av not only acts as a substrate to
mark double strand breaks, but also regulates chromatin state and transcriptional activity. Like its
vertebrate counterpart, the presence of H2Av in a gene regulatory sequence can either activate or repress
transcription (Baldi and Becker, 2013). Under normal conditions, H2Av localizes to many sites in polytene
chromatin stains and can be found at genes that are constitutively expressed, genes that are
developmentally silenced, and in the heat shock locus (van Daal and Elgin, 1992, Leach et al., 2000).
Drosophila H2Av is enriched in both transcriptionally silent and heterochromatic regions (Swaminathan
et al., 2005) and transcriptionally active regions (Mavrich et al., 2008). H2Av plays an important role in
the establishment and/or maintenance of heterochromatin. Mutations in His2Av result in reduced H3K9
methylation and HP1 recruitment and disrupt H4K12 acetylation patterns in pericentric heterochromatin
(Swaminathan et al., 2005). RNAi reduction of HP1 results in increased H2Av expression in ovaries,
indicating a compensation mechanism between these proteins (Park et al., 2019). H2Av is reduced in
heterochromatic regions of Drosophila diploid chromosomes and but is found in telomere associated
sequences where it regulates the chromatin state of telomeres in dividing cells (Frydrychova et al., 2008,
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Rong, 2008). H2Av also affects chromatin dynamics in the heterochromatic fourth chromosome by
regulating the recruitment of Painting of fourth (POF), an RNA-binding transcriptional regulator
(Johansson et al., 2012).
His2Av can be thought of as a member of the Polycomb group of genes. Mutation of His2Av
enhances the sex comb phenotype associated with mutations in the Pc gene and suppresses the
phenotypes of trithorax group mutants (Swaminathan et al., 2005). The enhancement of Pc phenotypes
may involve recruitment of Pc by H2Av as null His2Av810 larvae show a reduction in the number of Pc sites
identified through immunostaining of polytene chromatin (Swaminathan et al., 2005). Additionally, the
homeotic gene Antennapedia (Antp), whose expression is regulated by the Polycomb complex (Zink et al.,
1991, Kassis et al., 2017), is ectopically expressed in the central nervous system of His2Av810 null mutants
(Swaminathan et al., 2005). This supports a role for H2Av in controlling the expression of Pc-regulated
genes and more broadly implicates H2Av as a regulator or development in Drosophila.
Immunostaining of polytene chromatin from third instar salivary glands reveals extensive
colocalization between H2Av and poly(ADP-ribose) polymerase 1 (PARP1) (Kotova et al., 2011). PARP1
post-translationally modifies its substrates by adding up to over 100 units of ADP-ribose in a process
known as poly(ADP ribosyl)ation (PARylation). Chromatin PARylation is involved in several DNA repair
pathways (Ray Chaudhuri and Nussenzweig, 2017) and regulates gene expression by making chromatin
more accessible to transcriptional machinery (Tulin and Spradling, 2003, Kim et al., 2004). Null mutation
of H2Av or of the C-terminal phosphosite serine results in a significant loss of PARylation, however,
localization of PARP1 in the chromatin is not affected. Mutation in poly(ADP- ribose)glycohydrolase
(Parg), an enzyme that catbolizes pADPr, leads to an accumulation of pADPr that is suppressed in a
Parg27.1; His2Av810 double mutant. This loss of PARylation has functional consequences and is enough to
prevent cells from activating transcription from the hsp70 locus in response to heat stress (Kotova et al.,
2011). The mechanism behind this involves a conformational change in H2Av upon phosphorylation of
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the C-terminal domain that exposes the N-terminal region of H4, which directly stimulates PARP1 activity
(Kotova et al., 2011). Expression of wild type H2Av, but not phosphonull or phosphomimetic mutants of
H2Av, restored pADPr levels in Parg27.1; His2Av810 double mutant animals. Expression of the H2AvSE
transgene was found to be lethal at the early embryonic stage in Parg27.1; His2Av810 double mutants. These
results emphasize the need of the cell to change the phosphorylation state of H2Av in response to
environmental conditions to coordinate a change in transcriptional output (Kotova et al., 2011).

Other post-translation modifications have been discovered in H2Av and its orthologs. Vertebrate
H2AX can also be phosphorylated at tyrosine 142 by the WICH chromatin remodeling complex subunit
WSTF (Williams-Beuren syndrome transcription factor). This phosphorylation is not necessary to initiate
the DNA damage response upon double strand break formation, but is thought to supplement Ser139
phosphorylation by increasing the residency time of DNA repair proteins at the lesion (Xiao et al., 2009).
In addition, Drosophila H2Av contains two tandem lysine residues, K120 and K121, which are ubiquitylated
in vivo by Sce, a subunit of the Polycomb repressive complex 1 (PRC1) with E3 ubiquintase activity.
Mutation of both residues to arginine abrogated ubiquitination of H2Av, but with no discernable effect
on viability, fertility, developmental gene expression, and tissue development (Pengelly et al., 2015). This
implies that, in contrast with phosphorylation, ubiquitination of H2Av is not involved in transcriptional
regulation, although it may have yet undescribed roles in genome function. These findings would suggest
that while other post-translational modifications may impact H2Av/H2AX activity under certain
circumstances, phosphorylation of the conserved serine residue in the C-terminal domain remains the
predominant mode of regulation.
Nucleosome phasing and composition also affect how H2Av exerts its influence over
transcriptional activity. H2Av is enriched in the phased nucleosomes following the transcription start site
and may affect polymerase pausing kinetics in active genes (Mavrich et al., 2008). This is supported by
the finding that H2Av distributions downstream of TSSs differ between transcriptionally active vs. silenced
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genes, with strong phasing of H2Av in active genes gradually becoming weaker over the first few
nucleosomes (Zhang and Pugh, 2011). Nucleosomes may either contain one copy of the H2Av variant
(heterotypic) or two copies (homotypic) in place of the canonical H2A histone. Homotypic H2Av
nucleosomes are more accessible than heterotypic and the 5’ ends of actively transcribed genes are
enriched for nucleosomes with homotypic H2Av (Weber et al., 2010). The homotypic H2Av nature of
nucleosomes and their phasing immediately downstream of the transcription start site of many genes
thus work synergistically to facilitate assembly and activation of transcriptional machinery. These results,
together with those described above, establish H2Av as a regulator of transcription through multiple
distinct mechanisms. Understanding how placement and modification of this histone variant are
managed by the cell is therefore crucial to appreciate the contribution that H2Av-based transcriptional
regulation has on DNA damage repair and development.

H2Av Histone Exchange
H2Av Exchange in DNA Repair
The substitution of canonical histone proteins for histone variants is a highly regulated process that affects
numerous cellular processes. Cells must be able to place the right variants in appropriate positions
throughout the genome to ensure homeostasis and viability. Conversely, cells also need to be able to
remove histone variants from nucleosomes as the need arises to regulate processes relevant to each
variant. In Drosophila, H2Av can replace up to 20% of the total cellular complement of canonical H2A
(Kotova et al., 2011). H2Av becomes phosphorylated at sites of double strand breaks as part of the DNA
damage response; this H2Av is exchanged for unphosphorylated H2Av upon resolution of the DNA
damage (Kusch et al., 2004). The Drosophila TIP60 chromatin remodeling complex, containing TIP60 and
the ATPase Domino, acetylates phosphorylated H2Av at lysine 5, allowing the phosphorylated histone
variant to be taken out and replaced with an unphosphorylated H2Av molecule (Kusch et al., 2004).
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Decreased expression of TIP60 has no effect on H2Av phosphorylation, but results in accumulation
of DNA double strand breaks and the phosphorylated H2Av variant (Kusch et al., 2004). MRG15, another
Tip60 complex member, is required for incorporation of H2Av in meiotic chromosomes and is recruited
to perform this function after the removal of acetylated γH2Av (Joyce et al., 2011). Phosphorylated H2Av
is continuously exchanged for the unmodified form at double strand breaks in meiotic cells.
Phosphorylation is maintained, however, by the activity of ATM and ATR kinases (Joyce et al., 2011).
In vertebrates, H2AX is acetylated at a lysine in the 5th position (K5) by the TIP-60 complex in
response to DNA damage, and cells lacking TIP-60 acetylase activity are deficient in DNA damage repair
(Ikura et al., 2000, Ikura et al., 2007). Acetylation of H2AXK5 by TIP-60 is essential for the recruitment of
NBS1 (Nijmegen breakage syndrome protein), a member of the MRN complex that recognizes DNA double
strand breaks and recruits enzymes involved in repair (Ikura et al., 2015). Acetylation of H2AX also
promotes recruitment of PARP1 to sites of DNA damage in order to regulate exchange of the histone
variant; however, phosphorylation of H2AX is not involved in PARP recruitment (Ikura et al., 2016). DNA
double strand breaks also induce acetylation of ATM by TIP60 in human cell culture. This is necessary to
activate ATM to phosphorylate its downstream substrates in the DNA damage response, including p53
and chk2 (Sun et al., 2005, Sun et al., 2007). This prevent efficient repair and leaves cells vulnerable to
the effects of DNA damage.

H2Av Exchange in Transcription
Given that Drosophila H2Av plays roles in both DNA damage repair and transcriptional regulation, it is no
surprise that the TIP60 complex, which regulates the exchange of H2Av, is involved in both phenomena
as well.

The TIP60 complex is conserved among eukaryotes and contains the Tip60 lysine

acetyltransferase and Domino, a member of the SWI/SNF family of ATPases, among numerous other
components (Doyon and Côté, 2004). The H2Av exchange and acetyltransferase activities of the TIP60
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complex at the hsp70 locus are regulated by the methylation state of H3 lysine 4. Trimethylation of H3K4
is associated with actively transcribed chromatin (Santos-Rosa et al., 2002, Collins et al., 2019) and is
sufficient to activate the TIP60 complex (Kusch et al., 2014). TIP60 thus incorporates and acetylates H2Av
in a transcription-dependent manner to facilitate promoter escape by RNA polymerase. This effectively
couples loosening of the chromatin at the transcription start site by TIP60 activity with transcriptional
activation, preventing unwarranted destabilization of nucleosomes when genes are transcriptionally
silent (Kusch et al., 2014).
Drosophila expresses two isoforms of the SWR1 ortholog Domino (dom), DOM-A and DOM-B
(Ruhf et al., 2001). Animals containing homozygous a null mutation of dom do not survive past second
instar, and hypomorphic mutations result in defects in oogenesis, resulting in female sterility (Ruhf et al.,
2001). Mutation of either dom or MRG15 in germline stem cell clones results in a decrease in the amount
of H2Av (Joyce et al., 2011, Morillo Prado et al., 2013). It was recently discovered that DOM-A is the only
described ATP-independent acetyltransferase specific to H4K12 in Drosophila, while DOM-B incorporates
H2Av into nucleosomes in an ATP-dependent manner (Scacchetti et al., 2020). This finding is supported
by results showing that deposition of H2Av in female germline and somatic cells depends DOM-B, but not
DOM-A or TIP60. This does not hold true for germline nurse cells, in which DOM-B plays no role in H2Av
incorporation while DOM-A promotes H2Av removal in stage 5 nurse cells instead of incorporation
(Scacchetti et al., 2020).
Another nucleosome remodeling complex, the remodeling and spacing factor (RSF) complex, is
composed of Rsf-1, a histone chaperone, and ISWI, an ATP-dependent nucleosome mobility factor (Loyola
et al., 2001, Loyola et al., 2003). Rsf-1 physically interacts with H2Av and the TIP60 complex, and mutation
of Rsf-1 in Drosophila results in decreased H2Av occupancy in euchromatic regions positioned next to
heterochromatin, suggesting a role for the RSF nucleosome remodeling complex in regulating chromatin
dynamics via H2Av exchange (Hanai et al., 2008).
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The transcriptional pathways affected by the Drosophila TIP60 complex include genes involved in
regulating cellular polarity in undifferentiated neuroblasts and genes that regulate the cell cycle in
developing tissues. Knockdown of TIP60 components leads to loss of cell polarity and aberrant symmetric
divisions of neural stem cells (Rust et al., 2018). In addition, flies carrying the hypomorphic cycEJP allele
experience cell proliferation defects during eye development, resulting in a small eye phenotype that is
sensitive to E2F activity (Secombe et al., 1998). Heterozygous mutation of either His2av or dom
suppresses the small eye phenotype in cycEJP flies (Lu et al., 2007). Incorporation of H2Av at E2F target
promoters depends on both Dom and E2F1, supporting a model in which incorporation of H2Av by Dom
prevents activation of transcription through E2F (Lu et al., 2007).
The TIP60 complex also regulates cell cycle progression and the expression of cell cycle genes in
differentiating wing cells (Flegel et al., 2016). Inhibition of this complex results in phosphorylation of H2Av
and transcriptional activation of DNA damage response genes. Another consequence is reduction in
essential cell cycle regulators E2F1 and CycB and an elongation of the cell cycle. These results imply that
TIP60 coordinates replacement of phosphorylated H2Av with the unmodified variant before cells enter
mitosis (Flegel et al., 2016).
Exchange of H2Av was recently demonstrated to regulate the expression of genes expressed as
part of the circadian rhythm pathway (Liu et al., 2019). ChIP data from fly heads examining the promoters
of period and timeless, two key circadian rhythm regulators in Drosophila (Dubowy and Sehgal, 2017),
revealed the presence of H2Av. H2Av signal increases upon RNAi depletion of Domino, indicating that
exchange H2A for H2Av at the period and timeless promoters is essential for proper transcriptional
regulation (Liu et al., 2019). This finding expands the range of developmental phenomena that H2Av
affects into the realm of adult behavior.
From the experiments described above, it is clear that proper incorporation of H2Av is essential
to regulate not only the cell’s response to genotoxic stress but also the expression of key developmental
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genes. For this reason, H2Av incorporation and removal is a tightly regulated process controlled by a
highly conserved family of proteins.

H2Av Phosphorylation Is Dynamically Regulated
Although most H2AX phosphorylation in vertebrates is handled by ataxia telangiectasia-mutated/ataxia
telangiectasia and Rad- related (ATM and ATR) kinases, other kinases have also been reported to have
activity toward this histone variant. DNA protein kinase phosphorylates H2AX in vitro (Park et al., 2003)
and in vivo mouse models have demonstrated that Polo-like kinase 3 can phosphorylate H2AX in response
to osmotic stress (Wang et al., 2014). Like its vertebrate ortholog, Drosophila H2Av is phosphorylated by
ATM and ATR kinases in response to DNA double strand breaks (Jang et al., 2003, Joyce et al., 2011). H2Av
can also be phosphorylated by JIL-1 kinase, although the significance of this is debated (Thomas et al.,
2014, Li et al., 2017).
H2AX and its orthologs can potentially be dephosphorylated in the C-terminal domain by a
number of phosphatases. In yeast, there is no H2A variant and H2A is phosphorylated itself as part of the
DNA damage response (Downs et al., 2000). The yeast orthologs of PP1 and PP4 dephosphorylate H2A as
part of the DNA damage checkpoint response (Keogh et al., 2006, Bazzi et al., 2010). This feature is
conserved in mammalian PP4, which dephosphorylates H2AX in human cell cultures (Nakada et al., 2008).
H2AX phosphatase activity is also seen in PP6, which is also implicated in H2AX dephosphorylation in HeLa
cell cultures (Douglas et al., 2010), and the chromatin-associated wild type p53-induced phosphatase 1
(WIP1). Wip1 dephosphorylates H2AX in human cell cultures upon resolution of DNA double strand
breaks, thereby regulating the cell’s ability to progress through the cell cycle (Macůrek et al., 2010, Moon
et al., 2010).
Perhaps the most studied phosphatase with a role in regulated the modification state of H2AX is
PP2A. PP2A is highly conserved among eukaryotes and is involved in regulating numerous cellular
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pathways by dephosphorylating myriad substrates (Wlodarchak and Xing, 2016). In human cell culture,
PP2A directly interacts with and dephosphorylates H2AX, and inhibition of PP2A activity with okadaic acid
lengthens the persistence of phosphorylated H2AX foci in response to double strand breaks (Chowdhury
et al., 2005, Nakada et al., 2008). Reducing expression of PP2A by RNAi disrupts the DNA damage repair
process, leading to more DNA damage and persistence of phosphorylated H2Av foci (Chowdhury et al.,
2005, Nakada et al., 2008).
Drosophila PP2A functions in mitosis and PP2A mutants display mitotic abnormalities in the
dividing neuroblasts (Chen et al., 2007a; Deak et al., 2003). PP2A activity is required for progression
through the cell cycle in Drosophila (Snaith et al., 1996, Chen et al., 2007) and inhibits self-renewal of
neuroblasts by regulating the subcellular localization of several developmental factors in the Polo
signaling pathway (Wang et al., 2009). Mutation of the PP2A regulatory subunit gene tws results in
chromatin bridges during anaphase (Gomes et al., 1993) and chromosomal aberrations as a result of
unresolved double strand breaks in dividing neuroblasts (Merigliano et al., 2017). Mutations in tws also
prevent dephosphorylation of H2Av and impair the cell’s ability to respond to ionizing radiation or
replicative stress. As mutations to tefu and ku70, which encodes a key NHEJ protein, are epistatic over
tws, it was concluded that Ku70 is a substrate of both ATM and PP2A, which maintain a balance necessary
to coordinate DNA repair with cell cycle progression (Merigliano et al., 2017).

Aurora A Kinase Regulates Dephosphorylation of H2Av in Response to DNA Damage
There have been conflicting results in human cell culture studies as to whether or not H2AX
phosphorylation is regulated by Aurora A kinase, with some experiments supporting this notion (Moretti
et al., 2011, Do et al., 2017) and others arguing against it (Shin et al., 2010, Sourisseau et al., 2010). These
studies are limited, however, as they were performed in cell lines (most in cancer cell lines) and not in a
developing animal. This issue was addressed recently by experiments demonstrating a relationship
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between Aurora A kinase and H2Av phosphorylation in Drosophila. It was shown that exposing larvae to
X-ray irradiation leads to transient phosphorylation of H2Av that lasts for a significantly longer time in the
aurA mutant compared to wild type (Merigliano et al., 2019). Larvae lacking aurA kinase activity also
showed increased levels of H2Av phosphorylation under normal conditions. Together, these observations
suggest a role for Aurora A kinase in regulating the phosphorylation/dephosphorylation kinetics of H2Av
regardless of the source of DNA damage (Merigliano et al., 2019). A further demonstration of this role
for Aurora A in maintaining genome integrity was shown by the significant increase in the occurrence of
chromosomal aberrations in the dividing neuroblasts of aurA mutant larvae. Mutations to His2av and tefu
are epistatic to the chromosomal aberration phenotype in aurA backgrounds (Merigliano et al., 2019).
This leads to a model where H2Av is phosphorylated by ATM in response to DNA double strand breaks.
Upon resolution of the DNA damage, this phosphorylation mark is normally removed by PP2A. PP2A is
regulated in turn by AurA kinase, which phosphorylates PP2A to keep it active (Merigliano et al., 2019).
This model explains the mechanistic relationship between AurA activity and DNA damage repair and
extends our understanding of how H2Av phosphorylation is regulated by the cell under genotoxic
conditions.

H2Av Promotes JIL-1 Kinase Activity
There has been some debate in the literature regarding the influence of JIL-1 kinase activity on the
phosphorylation state of H2Av. JIL-1 was initially described in Drosophila for its ability to regulate
chromatin structure in different stages of the cell cycle (Jin et al., 1999). JIL-1 is responsible for
phosphorylation of H3S10 and maintaining an open, transcriptionally active chromatin state (Wang et al.,
2001). Null mutation of Jil-1 disrupts chromatin structure in polytene chromosomes (Thomas et al., 2014).
One body of research proposes a model in which JIL-1 phosphorylates nucleosome-bound H2AvS137,
promoting an interaction between PARP-1 (which is already bound at nucleosomes) and H4, thus
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stimulation PARylation. This is thought to change the structure of the nucleosome such that JIL-1 is able
to phosphorylate H3S10, resulting in chromatin decondensation and transcriptional activation. It is
further argued that the N-terminal domain of H2A has an inhibitory effect on PARP-1 activity and that
acetylation of H2AK5 disrupts this inhibition (Thomas et al., 2014). This model is based off the evidence
that mutation of Jil-1 suppresses pADPr accumulation and H3S10 phosphorylation, with both of these
phenotypes also being described in His2Av null mutants (Kotova et al., 2011). Additionally, flies lacking
JIL-1 show less phosphorylation of H2AvS137, with residual phosphorylation of H3 and H2Av blamed on
other kinases. JIL-1 was shown by an in vitro assay to phosphorylate H2Av and colocalizes with H2Av, but
not H2A, on polytene chromatin. This data suggests that whereas stable H2Av phosphorylation is
independent of JIL-1, dynamic phosphorylation requires JIL-1 kinase activity (Thomas et al., 2014).
Some of the key findings of this study were, however, called into question by further experiments
into the relationship between H2Av and H3S10 phosphorylation. While some results from the earlier
work were validated, including the colocalization between JIL-1 and H2Av in polytene chromosomes and
the lack of H3S10 phosphorylation in the His2Av810 null background, others argue that JIL-1
phosphorylation of H2AvS137 is not necessary for chromatin decondensation and H3S10 phosphorylation
(Li et al., 2017). Despite the lack of H3S10 phosphorylation in the His2Av810 null, JIL-1 is recruited to
polytene chromosomes at similar levels to wild type, while overexpression of JIL-1::GFP in His2Av810 is
sufficient to rescue H3S10 phosphorylation (Li et al., 2017). Further, polytene nuclei expressing only
CFP::JIL-1-CTD, which lacks kinase activity, show wild type levels of H2Av and γH2Av, suggesting that JIL1 does not phosphorylate H2AvS137 in vivo. It was concluded that while H2Av likely promotes JIL-1 kinase
activity, it is not required for phosphorylation of H3S10 by JIL-1 (Li et al., 2017) and that the results
reported earlier are based on in vitro kinase assays in which other kinases may have had an impact and
that these earlier results were based on JIL-1 hypomorphs as opposed to true null alleles (Thomas et al.,
2014). It was also argued that PARylation is not required for JIL-1 mediated H3S10 phosphorylation and
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that the PolII complex is transcriptionally active at Hsp70 loci upon heat shock in both JIL-1 and H2Av null
backgrounds (Li et al., 2017). Together, these recent findings imply that PARP-1 recruitment is
downstream of H3S10 phosphorylation by JIL-1, which might be facilitated by H2Av.
Phosphorylation of H2Av plays crucial roles in both the DNA damage response (Madigan et al.,
2002) and in transcriptional regulation (Swaminathan et al., 2005, Kotova et al., 2011). Maintaining the
appropriate balance of this post-translationally modified histone variant through the activity of kinases
and phosphatases is thus essential for cellular function. By identifying which enzymes modify H2Av and
how they affect the cell’s ability to induce transcriptional responses or to respond to DNA damage, we
may gain a better understanding of the role this histone variant, or by extension its vertebrate orthologs,
plays in genome stability and development.

H2Av Availability Is Regulated by Lipid Droplets Early in Development
Numerous experiments have demonstrated that a subset of histone proteins are recruited via
electrostatic interactions in high levels to lipid droplets that are found distributed throughout the
Drosophila embryo (Cermelli et al., 2006, Li et al., 2012). These proteins are thought to be expressed in
excess in the mother and localize to lipid droplets during oogenesis and remain throughout early
embryogenesis (Cermelli et al., 2006) and function to buffer the maternal supply of histone proteins,
which are in great demand as thousands of cells undergo replication during embryogenesis (Li et al.,
2012). Indeed, this maternal protein supply is enough to prolong viability through pupation in the absence
of zygotic histone expression. The lipid droplets are specifically enriched for H2A, H2B, and H2Av, but not
H3 (Cermelli et al., 2006, Li et al., 2014). The presence of histone proteins at these lipid droplets is
regulated by the protein Jabba. Mutation of Jabba, as well as depletion of the lipid droplets themselves,
results in increased amounts of H2Av found in the nuclei of embryonic cells (Li et al., 2014). Zygotic
expression of His2Av increases in these embryos, and newly expressed H2Av is incorporated into these
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lipid droplets alongside the maternal contribution. Transplantation of Jabba-positive lipid droplets were
able to recruit H2Av in the recipient cell, further demonstrating the active role lipid droplets play in
managing the nuclear concentration of this histone variant (Li et al., 2014).
The dosage of H2Av in these embryonic cells overall is therefore dependent on maternal
contributions, zygotic gene expression, and the ability for histones to be temporarily sequestered in lipid
droplets.

Mis-regulation of the available pool of H2Av can have catastrophic consequences on

development: Jabba- mutants, in which nuclear accumulation of H2Av is not buffered by the presence of
lipid droplets, suffer from nuclear falling (an embryo-specific response to DNA damage) (Li et al., 2012)
and lower rates of embryo hatching (Li et al., 2014). These may be the result of disruptions in gene
expression due to changes in the nuclear ratio of H2A to H2Av as each of these histones is involved in
transcriptional activation and repression.
Further work using live cell Fluorescence photoactivation of H2Av-paGFP in embryos has shown
that H2Av can quickly dissociate from LDs and localize to neighboring nuclei (Johnson et al., 2018).
Fluorescent photoswitching experiments demonstrate a rapid loss of H2Av from LDs late syncytial
blastoderms that is independent of the number of nuclei in the embryo and thus the demand for H2Av.
Export of H2Av from the nucleus to the cytoplasm is minimal and has little impact on the cytoplasmic
population of H2Av (Johnson et al., 2018). Furthermore, H2Av is actively exchanged between lipid
droplets in the cytoplasm. The amount of H2Av that is trafficked into the nucleus is related to the ability
of cytoplasmic lipid droplets to recruit H2Av, as increasing Jabba dosage directly correlates with a
reduction in nuclear H2Av signal (Johnson et al., 2018). These results, along with the findings that H2Av
protein levels are not regulated by translational and post-translational mechanisms similarly to canonical
histones, point to a model in which regulation of H2Av trafficking is dominated by lipid droplets. This
mode of regulation is tightly associated with the developmental stage of the embryo, as a transition
happens in nuclear cycle 14 when H2Av exchange between lipid droplets ceases. This happens when the
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embryo passes a threshold in the nuclear to cytoplasmic ratio and may be considered a part of the midblastula transition (Johnson et al., 2018).
Recent data in prepublication extends the model of LD-dependent regulation of H2Av in the
embryo to the oocyte (Stephenson et al., 2020). It was shown that lipid droplets form first in nurse cells,
cells that provide proteins and mRNAs to developing oocytes. These lipid droplets are transported from
nurse cells into the oocyte. The oocyte produces most of its own H2Av; however, the Jabba protein
delivered to the oocyte via lipid droplets is crucial to prevent degradation of H2Av in the ooplasm
(Stephenson et al., 2020). Were it not for this process, oocytes and developing embryos would struggle
to keep up with the increasing demand for histones as each animal develops. That cells would evolve a
novel mechanism in order to buffer the amount of H2Av available to the nucleus to the appropriate level
underscores the importance of this histone variant in development.

H2Av Regulates Tissue Development
Proper development and organogenesis depend on complex networks of transcriptional regulators that
dictate the fates of differentiated and undifferentiated cells within tissues. Understanding how these
regulators cooperate and compete with each other can yield insight into basic mechanisms of
development that may be conserved among complex eukaryotes. As a transcriptional regulator, H2Av is
poised at the interface of DNA and epigenetic regulatory networks and thus has broad influence over
tissue formation and integrity. As discussed above, inhibition or knockdown of the Tip60 complex
prevents correct regulation of H2Av exchange. RNAi depletion of domino and His2Av leads to aberrant
nuclear localization of Prospero, a transcription factor involved in neural stem cell differentiation (Rust et
al., 2018). Prospero promotes a transcriptional program that triggers differentiation of neuroblasts in
pupae (Ikeshima-Kataoka et al., 1997, Choksi et al., 2006). This is associated with defects in cell polarity
and division in larval neuroblasts that result in gross anatomical differences in the central nervous system
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(Rust et al., 2018). In addition to this, knockdown of Tip60 or mutation of the histone acetyltransferase
domain disrupts cell cycle progression and development of wings in Drosophila pupae (Flegel et al., 2016).
It is clear from these results that exchange of H2Av in chromatin is essential for development of these
tissues and begs the questions of whether this feature is conserved throughout the organism and how the
mechanisms differ between tissues.
Misregulation of H2Av was recently shown to have a developmental phenotype in developing
larvae. Individuals homozygous for the His2Av810 null allele or trans-heterozygous for the His2Av810 null
allele paired with a chromosomal deficiency lacking the His2Av gene (Df(3R)BSC524) (Cook et al., 2012)
frequently develop large melatonic masses at their posterior ends (Grigorian et al., 2017). These tumors
form out of the lymph gland (the main hematopoietic tissue in flies) and are characterized by loss of
differentiated plasmatocytes and crystal cells and the undifferentiated prohemocytes from the primary
lobes. Driving RNAi of His2Av in prohemocytes resulted in increased differentiation of plasmatocytes and
crystal cells in the primary and secondary lymph lobes, while driving RNAi in the posterior signaling center
(PSC, a stem cell/tissue organizing hub) showed more normal development of plasmatocytes but fewer
crystal cells. Importantly, overexpression of wild type H2Av resulted in less cohesion between PSC cells
and fewer differentiated plasmatocytes and crystal cells (Grigorian et al., 2017). This would imply that a
precise concentration of H2Av is needed for normal development of this critical tissue, however, the
mechanism of this relationship is unclear.
Evidence is also provided in this study that phosphorylation of H2Av is not required for its activity
in regulating hematopoietic tissue development (Grigorian et al., 2017). First, expression of a dominant
negative mutant allele of His2Av lacking the C-terminal 14 amino acid H2AX-like motif (H2AVCT) (Clarkson
et al., 1999) partially rescues hematopoiesis in the His2Av810 null background and allows larvae to survive
to adulthood. Second, overexpression of either the phosphomimetic H2AVSE or the phosphonull H2AVSA
alleles partially rescues the hematopoietic phenotype seen in the His2Av810 null background (Grigorian et
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al., 2017). The results of this study, along with the finding that H2AZ expression is upregulated during
macrophage development in humans (Baek et al., 2009), suggest that regulation of blood cell
differentiation is a conserved feature of H2Av function and is independent of the DNA damage response
function associated with phosphorylation of the C-terminal domain. This conserved role for H2Av and
H2A.Z implies that transcriptional regulation by H2Av in response to developmental stimuli may dictate
how these tissues develop.
The H2Av histone variant also plays a vital role in fruit fly spermatogenesis. Examination of the
stem cell niche found at the apical end of the testes (Fuller and Spradling, 2007) was performed in adult
flies lacking His2Av expression. This was achieved using the FLP/FRT system for mitotic recombination in
a heterozygous null His2Av810/+ background (Morillo Prado et al., 2013). A significant decrease in the
population of germline stem cells (GSCs) was noted in the animals along with the appearance of the more
differentiated spermatocytes and spermatids. Together, this implies that H2Av is required for maintaining
the undifferentiated stem cell fate of the GSCs, but is not required for division and differentiation of
daughter cells.
This relationship is not limited to cells of the germline, however, as cyst stem cell (CySC)
populations also decrease in the absence of H2Av (Morillo Prado et al., 2013). These cells are responsible
for generating the cyst cells that envelop germ cells as they mature (Kiger et al., 2000, Tran et al., 2000),
and were still present in the His2Av810 homozygous testes, suggesting a conserved role for H2Av in the
maintenance of adult stem cells but not in survival or differentiation. This observation was extended still
further by abolishing His2Av expression in the developing eye with the EGUF/hid system (Stowers and
Schwarz, 1999). While flies still generated eyes, they were smaller and rougher. Likewise, mutation of
His2av suppresses the small eye phenotype observed in cycEJP flies (Lu et al., 2007). These results suggest
a highly conserved role for H2Av in the maintenance of adult stem cell populations in different
developmental lineages.
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Similar results were obtained in a mutant background for the domino gene, the ortholog of yeast
Swr1 (Ruhf et al., 2001), which exchanges H2A for H2AZ (Kobor et al., 2004, Mizuguchi et al., 2004). The
Tip60 chromatin remodeling complex, which includes Domino, also exchanges phosphorylated H2Av with
unmodified H2Av in in vitro assays (Kusch et al., 2004). Disrupting this process also resulted in an inability
to maintain GSC populations, providing further evidence that regulation of and by His2Av is crucial for
proper tissue maintenance (Morillo Prado et al., 2013). Interestingly, homozygosity for the null His2Av810
null allele did not affect the global levels of H3K4 trimethylation (associated with transcriptional activity)
or H3K27 trimethylation (associated with transcriptional silencing) (Morillo Prado et al., 2013). This is
contrast to the severe effect seen on H3S10 phosphorylation in the absence of H2Av (Kotova et al., 2011,
Li et al., 2017). Whatever the epigenetic mechanism, it was proposed that H2Av affects self-renewal of
adult stem cells either by repression of genes involved in differentiation or by activation of genes involved
in stem cell identity.

γH2Av and Genome Organization
A novel role for H2Av in genome architecture was recently uncovered. Immunostaining data from larval
polytene chromatin reveals colocalization between phosphorylated H2Av and Suppressor of Hairy Wing
[Su(HW)] insulator complexes throughout the genome (Simmons et al., 2021). Null mutation of the
su(Hw) gene results in decreased γH2Av staining, suggesting that maintenance of H2Av phosphorylation
in polytene chromatin depends on interactions with the Su(Hw) complex. A link between insulator
proteins and DNA damage is supported by the finding that su(Hw) mutants also display DNA damage in
ovaries and chromosomal aberrations in dividing neuroblasts (Hsu et al., 2020). Mutation of su(Hw) also
results in mislocalization of Gurken within the oocyte, a phenotype caused by DNA damage and observed
in mutants of tefu/ATM, one of the main H2Av kinases (Joyce et al., 2011). γH2Av enrichment at Su(Hw)
insulators is supported by ChIP-seq data from S2 cells, which also reveals an enrichment of γH2Av at
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boundaries between topologically associating domains (TADs) (Simmons et al., 2021). These findings
support a model in which H2Av aids in establishing or maintaining TAD boundaries within the genome.
γH2Av is enriched in gypsy insulator sites, and mutation of His2Av partially rescues gypsy-related
phenotypes in a heterozygous su(hw) sensitized background (Simmons et al., 2021). This genetic
relationship demonstrates a role for H2Av in regulating the function of gypsy insulators. Null His2Av810
larvae express gypsy retrotransposon mRNA at lower levels than wild type. This effect may be due to the
interaction between H2Av and PARP1 as PARP1 protein is enriched at gypsy sites and is required for
silencing transposon activity (Kotova et al., 2011). Another potential mechanism involves nucleosome
phasing. H2Av is enriched in phased nucleosomes at and immediately downstream of transcription start
sites (Mavrich et al., 2008, Zhang and Pugh, 2011). Depletion of Su(Hw) decreases nucleosome phasing
surrounding gypsy loci (Baldi et al., 2018). It may be that the Su(Hw) complex is required to establish the
nucleosome phasing needed for this precise H2Av distribution, however, such a relationship has not yet
been tested.
Intriguingly, γH2Av is found in insulator bodies, foci that form in the cytoplasm when insulator
proteins leave chromatin and aggregate together in response to osmotic stress (Schoborg et al., 2013).
No unmodified H2Av is seen in insulator bodies and phosphatase inhibition prevents dissolution of bodies
upon return to isotonic conditions (Simmons et al., 2021). This implies that phosphorylation of H2Av
regulates insulator body dynamics, though the mechanism remains unknown. These experiments
demonstrate a clear relationship between chromatin insulator proteins and H2Av phosphorylation that
may regulate local chromatin dynamics.

Conclusions
Chromatin dynamics are largely driven by the composition of nucleosomes and through post-translational
modification of chromatin-associated proteins. Drosophila H2Av, being a histone variant whose activity
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is tightly regulated by multiple modifications, is a prime example of how these processes can work
together to coordinate cellular responses to genotoxic stress and developmental signaling pathways.
H2Av is involved in diverse cellular processes and is regulated by a complex network of chromatin
remodeling complexes and post-translational modifying enzymes (Figure 1.1). Despite decades of
significant advances in our understanding of this histone variant, many questions remain regarding
mechanisms of H2Av regulation and the downstream target genes whose transcription is affected by H2Av
activity. The contribution of some kinases is unclear, while other potential kinases may still be unknown.
Further characterization of other potential post-translational modifications on H2Av and the effects they
have on H2Av function or S137 phosphorylation is needed. Also, determining the transcriptomic effects
of H2Av may put into context the developmental defects observed upon mutation of His2Av or its
regulators. Further dissection of the mechanisms behind how H2Av influences transcription can also
provide crucial insight. H2Av is associated with chromatin architectural proteins and is enriched in TAD
boundaries; it will therefore be instructive to determine whether this observation can explain chromatin
dynamics and transcriptional regulation associated with H2Av activity. H2Av plays a key role in Drosophila
biology and provides a unique model to study the function of histone variants on tissue development and
homeostasis.
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Figure 1.1. Model of H2AV regula�on and ac�vi�es. Do�ed arrows represent replacement of one
molecule with another. A green background represents ac�vity only reported in embryonic cells.
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Chapter II: A Phosphorylated Histone H2A Variant Displays Properties of Chromatin Insulator Proteins
in Drosophila
Abstract
Chromatin insulators are responsible for mediating long-range interactions between enhancers and
promoters throughout the genome and align with the boundaries of topologically associating domains
(TADs). Here, we demonstrate an interaction between proteins that associate with the gypsy insulator
and the phosphorylated histone variant H2Av (γH2Av), a marker of DNA double strand breaks. Gypsy
insulator components colocalize with γH2Av throughout the genome. Mutation of insulator components
prevents stable H2Av phosphorylation in polytene chromatin. Phosphatase inhibition strengthens the
association between insulator components and γH2Av and rescues γH2Av localization in insulator
mutants. We also show that γH2Av is a component of insulator bodies, and that phosphatase activity is
required for insulator body dissolution after recovery from osmotic stress. We further demonstrate a
tight association between γH2Av and TAD boundaries. Together, our results indicate a novel mechanism
linking insulator function with a histone H2A variant and with genome stability.

Introduction
A highly orchestrated 3D-genome organization is necessary for the proper function and survival of
eukaryotic cells. The resulting higher-order chromosome structure in this organization is driven through
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the establishment of long-range interactions between different regions of the chromosome. These
interactions create domains that may be restricted from interacting with each other, and are based on
specific interactions between chromatin-binding proteins (van Berkum et al., 2010, Rao et al., 2014,
Fudenberg et al., 2016). Chromatin insulators represent a class of protein/DNA complexes associated to
specific sequences in the genome that work through two general functions: to restrict communication
between enhancers and promoters through physical separation into different genomic domains and to
prevent the spread of heterochromatin into euchromatic regions of the genome (Harrison et al., 1989,
Geyer and Corces, 1992, Bell et al., 1999, Schoborg and Labrador, 2014, Ozdemir and Gambetta, 2019).
The presence of insulators in the genome is conserved among eukaryotes, with the CTCF insulator being
the only known insulator regulating the human genome (Heger and Wiehe, 2014). Insulators have
recently been described to help establish the boundaries of topologically associating domains (TADs) and
are often found enriched at TAD boundaries (Van Bortle et al., 2014, Fudenberg et al., 2016).
In this work, we show that γH2Av is present at Su(Hw)-binding sites throughout the genome,
including at gypsy retrotransposons and that mutation of several gypsy insulator components disrupts
normal H2Av phosphorylation patterns. We show that γH2Av is a component of insulator bodies formed
under osmotic stress and that dephosphorylation of γH2Av is required for efficient dissolution of these
bodies during recovery. Chromatin immunoprecipitation (ChIP) experiments reveal extensive genomewide colocalization between Su(Hw) and γH2Av and enrichment for both at TAD boundaries. This
association also extends to insulator function as flies doubly heterozygous for His2Av810 and mutant alleles
of su(Hw) showed a partial rescue of phenotypes for yellow2 and cut6, two gypsy insulator induced
mutations. Collectively, these findings point to a model in which γH2Av works with insulators to
coordinate genome function and genome-wide responses to genotoxic stress.
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Methods and Materials
Fly stocks and husbandry
All stocks were maintained on a standard cornmeal agar fly food medium supplemented with yeast at
20°C; crosses were carried out at 25°C. The following stocks are maintained in our lab and were originally
obtained from Victor Corces (Emory University): y2w1ct6; cp190H31-2/TM6B, Tb1, y2w1ct6; cp190P11/TM6B,
Tb1, y2w1ct6; w1118; su(Hw)V/TM6B, Tb1, y2w1ct6; mod(mdg4)u1/TM6B, Tb1. The stock w1118;
PBac(RB)su(Hw)e04061/TM6B, Tb1 was obtained from the Bloomington Drosophila stock center (BDSC:
18224).

These

remaining

stocks

were

provided

by

our

lab:

Oregon-R

(OR),

y2w1ct6;

PBac(RB)su(Hw)e04061/TM6B, Tb1 (derived from BDSC: 18224).

Antibodies
Rabbit polyclonal IgG antibodies against Su(Hw), Mod(mdg4)67.2, and CP190 were previously generated
by our lab (Wallace et al., 2010, Schoborg et al., 2013). A rat polyclonal IgG antibody against Su(Hw)
generated by our lab was also used. Antibody against the phosphorylated form of H2Av (UNC93-5.2.1)
(Lake et al., 2013) was obtained from the Developmental Studies Hybridoma Bank, created by the NICHD
of the NIH and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. These
antibodies were all diluted 1:1 in glycerol (Fisher Scientific, BP229-1, lot 020133) and used at a final
dilution of 1:200. Secondary antibodies were all diluted 1:1 in glycerol and used at a final dilution of 1:200.
The following secondary antibodies were used in this study: Alexa Fluor 594 goat anti-rabbit (Invitrogen,
A-111037, lot 2079421), Alexa Fluor 488 donkey anti-rabbit (Invitrogen, A-21206, lot 1834802), Alexa
Fluor 488 goat anti-guinea pig (Invitrogen, A-11073, lot 84E1-1), Texas red donkey anti-rat (Jackson
ImmunoResearch Laboratories, 712-075-150), and Alexa Fluor 488 goat anti-mouse (Invitrogen, A-11001,
lot 1858182).
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Immunostaining of larval tissues
Wandering third instar larvae were dissected in PBS. Tissues were immediately placed into fixative (4%,
para-formaldehyde (Alfa Aesar, 43368, lot N13E011), 50% glacial acetic acid (Fisher Scientific, A38-212,
lot 172788)) on a coverslip for one minute. Samples were squashed by lowering a slide on top of the
sample then turning it over, placing it between sheets of blotting paper, and hitting the coverslip firmly
with a small rubber mallet. Slides were dipped in liquid nitrogen, coverslips were removed, and samples
were incubated in blocking solution (3% powdered nonfat milk in PBS + 0.1% IGEPAL CA-630 (SigmaAldrich, 18896, lot 1043)) for 10 minutes at room temperature. The slides were dried and incubated with
primary antibodies overnight at 4°C in a box humidified with wet paper towels. The next day, slides were
washed twice in PBS + 0.1% IGEPAL CA-630 before incubation with secondary antibodies for three hours
in the dark at room temperature. Slides were washed twice in PBS + 0.1% IGEPAL CA-630, treated with
DAPI solution of 0.5 μg/mL (ThermoFisher, D1306) for one minute, and washed one more time in PBS
alone.
Samples were mounted with Vectashield antifade mounting medium (Vector Laboratories, H1000, lot ZF0409) and coverslips were sealed with clear nail polish. All microscopy for immunostaining
was performed on a wide-field epifluorescent microscope (DM6000 B; Leica Microsystems) equipped with
a 100X (NA 1.35) oil immersion objective and a charge-coupled device camera (ORCA-ER; Hamamatsu
Photonics). Image acquisition was performed using SimplePCI (v6.6; Hamamatsu Photonics). Image
manipulation was performed in FIJI (Schindelin et al., 2012); all contrast adjustments are linear. Images
were further processed in Adobe Photoshop CS5 Extended, Version 12.0 x64. Figures were assembled in
Adobe Illustrator CS5, Version 15.0.0. Statistical analyses were performed in GraphPad Prism version 8.0.0
(224) (GraphPad Software, San Diego, CA).
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Immunostaining of S2 cells
For normal control conditions, S2 cells were incubated in insect medium (HyClone SFX-Insect Cell Culture
Media; Fisher Scientific, SH3027802) supplemented with penicillin (50 units/mL) and streptomycin (50
μg/mL) (Gibco, 15070063) at 25°C. To induce osmotic stress, the istonic media was replaced with
hypertonic media supplemented with 250 mM NaCl (Fisher Scientific, BP358-212). Cells were treated in
this hypertonic stress media for 30 minutes. Coverslips were pretreated with pure ethanol (Decon Labs,
2716) and coated with concanavalin A (Sigma-Aldrich, C5275) to help S2 cells adhere to the glass surface.
Cells were pipetted onto treated coverslips and were allowed to spread and adhere for 30 minutes. After
treatment, cells were fixed (4%, para-formaldehyde, 50% acetic acid) for 10 minutes at room temperature,
followed by three washes with PBS buffer. Fixed cells were permeabilized with 0.2% Triton X-100 (Fisher
Scientific, BP151, lot 014673) for five minutes then washed twice with PBS buffer. Cells were incubated
in blocking solution (3% powdered nonfat milk in PBS + 0.1% IGEPAL CA-630) for 10 minutes at room
temperature. Primary antibodies were diluted in blocking solution and samples were incubated in
antibody solution overnight at 4°C in a box humidified with wet paper towels. Unbound antibodies were
washed off three times with PBST buffer (0.1% Triton-X 100). Secondary antibody incubation, DAPI
staining, and mounting were performed as described above.

Okadaic acid treatment
For the isotonic control samples, S2 cells were cultured in HyClone SFX-Insect media as above and
incubated in 50 nM okadaic acid (Sigma-Aldrich, O9381) for 30 minutes. The hypertonic samples were
obtained by shifting S2 cells from isotonic insect media to hypertonic conditions as described above and
incubating for 25 minutes. After this, the hypertonic media was supplemented with 50 nM okadaic acid
and cells were incubated for five more minutes. The isotonic recovery sample was obtained by first
inducing hypertonic stress for thirty minutes, including okadaic acid for the final five minutes as above,
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then washing out the hypertonic media twice with isotonic media containing 50 nM okadaic acid. Cells
were incubated in isotonic recovery media with okadaic acid for thirty minutes. Control samples were
collected throughout the process following the same protocol without addition of okadaic acid. For the
polytene chromosome example, salivary glands were dissected from wandering third instar larvae and
incubated in 50 nM okadaic acid for 30 minutes before fixation and squashing.

Fluorescence intensity and colocalization analysis
Images were analyzed for the amount of each protein (i.e. the intensity of each channel) using a macro
script in FIJI (Schindelin et al., 2012). The DAPI channel was used to automatically generate non-biased
ROIs for each cell, which were then manually curated for extra precision. A rolling-ball background
subtraction algorithm was used for all images. Intensity measurements were made using the measure
function. Numerous images of polytene chromosomes were collected from each salivary gland squash.
All acquisition parameters were kept constant between slides within each experiment. Colocalization was
quantified using the Coloc2 plugin in FIJI. This analysis uses the Costes method (Costes et al., 2004) to
determine appropriate thresholds for each channel.

Results are reported in terms of Pearson’s

Correlation Coefficient (PCC) (Pearson, 1895), which ranges from -1 for perfect anti-correlation to +1 for
perfect correlation (Dunn et al., 2011). Another metric of colocalization is the Manders’ Colocalization
Coefficients (Manders et al., 1992, Manders et al., 1993, Adler and Parmryd, 2010) for each channel – this
relates how much of the signal in the green channel overlaps with signal in the red channel (M1) and how
much of the signal in the red channel overlaps with signal in the green channel (M2). M1 and M2 may
vary from 0, representing no overlap between signals, to 1, representing total overlap.

41

ChIP-seq and TAD data analysis
The following NCBI publicly available ChIP-Seq datasets were used for the genome wide comparisons:
SRX1299942 (yH2Av SRA (Li et al., 2016)), SRX046654 (Su(Hw) SRA (Chen et al., 2012)), SRX186113
(Mod(mdg4)67.2 SRA (Matzat et al., 2012)), SRX2638361 (CP190 SRA (Jox et al., 2017)), SRX2638363 (CTCF
SRA (Jox et al., 2017)), and SRX511131 (HIPP1 SRA (Alekseyenko et al., 2014)). The sequencing data was
uploaded to the Galaxy web platform, and the public server at usegalaxy.org was used to analyze the
data (Afgan et al., 2018). Briefly, the FastQ datasets from NCBI were mapped with Bowtie2 to produce
BAM files (Langmead and Salzberg, 2012). Duplicate and unmapped reads were filtered out with SAM
tools. Peaks were called with Model-based analysis of ChIP-Seq (MACs) (Zhang et al., 2008). We used
SeqMINER version 1.3.4 for the downstream plotting analysis (Ye et al., 2011, Zhan and Liu, 2015).
To compare the distribution of γH2Av with that of nucleosomal H2Av we used the high-resolution
distribution of homotypic and heterotypic Drosophila H2Av nucleosomes from S2 cells obtained from a
previous study (Weber et al., 2010). FastQ datasets from paired-end reads from native micrococcal
nuclease–digested chromatin, enriched in homotypic H2Av (SRX019957 (Weber et al., 2010)) or
heterotypic H2Av (SRX019953 (Weber et al., 2010)), were mapped with Bowtie2 to produce BAM files
mapped to the dm6 Drosophila genome. We applied Bamcoverage to BAM files to generate H2Av Hom
and H2Av Het bigwig files. SeqMINER was used to generate displays of the distribution of mean read
density profiles (tags / 50 bp), using BED files to provide reference coordinates (± 10,000 bp). Bigwig files
were generated by applying Bamcoverage to BAM files and peak profiles were visualized with the IGV
genome browser (igv.org/app/) (Robinson et al., 2011), using Drosophila dm6 as the reference genome.
The genomic distribution of TADs in the Drosophila genome (Ramirez et al., 2018) was used to produce a
BED file generated with all genomic 1Kb fragments containing a TAD boundary at the center.
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Phenotypic analysis
Documentation of y2 and ct6 phenotypes was performed using a stereomicroscope (MZ16 FA; Leica
Microsystems) equipped with a CCD color camera (DFC420; Leica Microsystems). A 150 Watt white light
source (KL 1500 LCD; Leica Microsystems) set to a color temperature of 3,000 K was used for illumination.
Male flies were selected soon after eclosion and aged for five days at 25°C before imaging. All images
within each tissue set were collected with the same parameters using Leica Application Suite (Version
2.4.0 R1; Leica Microsystems). Abdomen images were recorded with a gamma correction of 0.5. Image
analysis was performed in FIJI (Schindelin et al., 2012). Intensity of the darkest region within the fifth
abdominal tergite was measured using a circular ROI with radius of 15 pixels (= 0.045 mm) (Figure 3.8).
Intensity values from abdomens were inverted before analysis so that darker pigmentation provided a
higher score. Regions of abdomens that reflected the light source were excluded from analysis. Wing
areas were measured in FIJI (Schindelin et al., 2012) using the entire translucent area of the wing (except
for the alula, which was sometimes lost in sample preparation) as the ROI.

Results
H2Av Phosphorylation Is Correlated with gypsy Insulator Components Genome-wide
Beyond its canonical insulator functions, the Drosophila insulator protein Su(Hw) has been implicated in
transcriptional regulation and is required for development of testes and ovaries (Soshnev et al., 2013,
Duan and Geyer, 2018). Mutation of su(Hw) interferes with normal DNA damage repair (Lankenau et al.,
2000) and lack of Su(Hw) protein results in chromosomal aberrations in developing neuroblasts (Hsu et
al., 2020). While these results point to a role in maintaining genome stability, the mechanistic link
between Su(Hw) and DNA repair remains uncharacterized. To investigate this possibility, we performed
immunostaining of polytene chromosomes from salivary glands of third instar larvae using an antibody
directed against the phosphorylated form of H2Av (γH2Av), a marker of DNA double strand breaks
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(Madigan et al., 2002). This procedure reveals a close association between Su(Hw) and γH2Av throughout
each polytene chromosome arm. Close inspection shows γH2Av in nearly all of the Su(Hw) bands (Figure
2.1A). Linescans of the 2R polytene chromosome show strong covariance in the fluorescent intensity
between γH2Av and Su(Hw) (Figure 2.1A). Likewise, analysis of the immunostaining signal using the entire
polytene genome shows a significant colocalization between γH2Av and Su(Hw) (Figure 2.1A).
Quantification of colocalization of the two immunostaining signals is reported using Pearson’s Correlation
Coefficient (PCC), which describes the covariance between the two signals, with positive numbers
describing direct correlation between signal intensities, negative numbers representing anti-correlation
of the signals, and zero representing no correlation between signals (i.e. random covariance) (Adler and
Parmryd, 2010, Dunn et al., 2011). Colocalization is also reported using Manders’ overlap coefficient
(MOC), which describes the amount of one signal in an image that overlaps with signal from the other
channel (Manders et al., 1993). Two values are reported, one for each channel, with values ranging from
0 (representing no spatial overlap between signals) and 1 (representing complete overlap of signals).
An extensive genome-wide association between γH2Av and Su(Hw) is illustrated by the positive
PCC values and MOC values above 0.5. Given the fundamental role of γH2Av in DNA repair, the tight
association of Su(Hw) with phosphorylated H2Av supports the notion that Su(Hw) is involved in
maintaining genome integrity (Lankenau et al., 2000, Hsu et al., 2020). Immunostaining experiments yield
similar results for Mod(mdg4)67.2, the isoform of the mod(mdg4) locus associated with gypsy insulator
function (Figure 2.1B). Bands of Mod(mdg4)67.2 are seen to overlap with bands of γH2Av (Figure 2.1B)
and linescans reveal a close covariance (Figure 2.1B). The same pattern is recapitulated when examining
images and linescans of CP190 (Figure 2.1C), an insulator protein found at gypsy and CTCF insulator sites
(Pai et al., 2004, Mohan et al., 2007). Quantitative analysis of signal colocalization shows strong positive
correlation values when examining genome-wide signal in polytene chromosomes for both Mod(mdg4)
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Figure 2.1. Insulator proteins colocalize with phosphorylated H2Av in Drosophila polytene
chromosomes. A. Colocalization of γH2Av with Su(Hw). B. Colocalization of γH2Av with Mod(mdg4)67.2.
C. Colocalization of γH2Av with CP190. Immunofluorescent micrographs of polytene chromosome
squashes obtained from wandering third-instar larvae are shown on the left. Magnified insets are shown
in the middle, corresponding to the white boxes in the figures on the left. Scale bars are 5 μm in the figures
and 2 μm in the insets. Insets are shown as RGB merge, with DAPI on the blue channel, γH2Av on the green
channel, and various insulators on the red channel. Red and green channels are shown independently in
grey scale and merged as magenta and green. On the right are linescans performed in FIJI (Schindelin et
al., 2012), corresponding to the yellow lines in the merged insets. Linescan intensities were normalized by
dividing each value by the maximum intensity recorded on each channel. Arrows in the images and
respective linescans denote regions of strong colocalization while arrowheads denote regions enriched for
insulator proteins but not γH2Av. Pearson’s Correlation Coefficient (PCC) for γH2Av signal with each
insulator signal is plotted, with each point representing the polytene genome of each cell. Similarly,
Mander’s tM1 (the proportion of γH2Av-positive pixels that also contain signal from antibodies against
insulator proteins) and tM2 (the proportion of insulator protein-positive pixels that also contain signal from
the γH2Av antibody) are plotted in each cell. Error bars represent one standard error of the mean.
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and CP190 with γH2Av (Figure 2.1B, C). These findings suggest that γH2Av colocalizes with gypsy insulator
proteins throughout the genome under normal developmental conditions.

Phosphorylated H2Av Is Stabilized by gypsy Insulator Components
To further our understanding of the relationship between γH2Av and insulator complexes we asked
whether or not mutation of genes coding for gypsy insulator complex members would affect H2Av
phosphorylation. Immunostaining of polytene chromatin revealed an almost complete elimination of
γH2Av in the chromatin of su(Hw)e04061 mutants (Figure 2.2). Mutation of cp190 also resulted in less γH2Av
signal in the immunostained chromosomes, however, the reduction was not as severe as was seen in the
su(Hw)e04061 mutant (Figure 2.2). In contrast with su(Hw) and cp190, mutation of mod(mdg4) had no
significant effect on the amount of H2Av phosphorylation in chromatin (Figure 2.2). These results suggest
that Su(Hw) and CP190, but not Mod(mdg4)67.2, are necessary for sustaining H2Av phosphorylation and
may hint at a mechanism that depends on specific interactions between H2Av with some but not all gypsy
insulator components.
As interactions between insulator proteins are generally required for canonical insulator functions
(Geyer and Corces, 1992, Bonchuk et al., 2015, Golovnin et al., 2016, Melnikova, Kostyuchenko, Parshikov,
et al., 2018, Melnikova et al., 2019), we examined the relationship between each of these insulator
proteins and γH2Av in various insulator mutant backgrounds. Notably, the colocalization between
Mod(mdg4)67.2 and γH2Av was strongly reduced in the su(Hw)e04061 background (Figure 2.3A, F). This is
not surprising given both that γH2Av signal is significantly reduced in su(Hw)e04061 (Figure 2.2) and that
Mod(mdg4)67.2 does not bind at Su(Hw) sites in the absence of Su(Hw) (Ghosh et al., 2001). Linescans of
polytene chromosomes and quantitative colocalization analysis show no correlation between the signals
from Mod(mdg4)67.2 and γH2Av in su(Hw)e04061 mutant polytene chromosomes (Figure 2.3A).
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Similarly, immunostaining for Su(Hw) in the loss of function mod(mdg4)u1 mutant revealed
significantly less colocalization as seen by visual inspection, linescans, and quantitative analysis (Figure
2.3B, F). Linescans from immunostains of the mod(mdg4)u1 mutant with either Su(Hw) (Figure 2.3C) or
CP190 (Figure 2.3D) along with γH2Av demonstrate a further disruption of the interaction between γH2Av
and insulator complexes. The lack of colocalization between γH2Av and Su(Hw) or CP190 is reflected in
decreased PCC values (Figure 2.3F), with negative values for CP190 indicating anticorrelation between the
CP190 and γH2Av signals. Su(Hw) was also found to colocalize less with γH2Av in the null cp190P11-H31-2
mutant background through the area of chromosome 2R examined (Figure 2.3E) and genome wide (Figure
2.3F). Taken together, these results indicate that stable accumulation of γH2Av in Su(Hw) insulator sites
requires having the entire insulator complex intact. It remains unclear which Su(Hw) insulator protein
serves as the binding partner of γH2Av, or if this colocalization requires that γH2Av interact with more
than one insulator protein or other unknown protein.

H2Av Is Phosphorylated in Insulator Bodies
Upon our finding that γH2Av colocalizes with insulator proteins in the genome in an insulator-dependent
manner, we next asked whether or not this interaction was maintained once insulator proteins aggregate
into bodies under osmotic stress conditions. Insulator bodies represent a special case for insulator
activity: proteins bound to insulator sites in the genome can leave chromatin and associate to form
insulator bodies (Gerasimova and Corces, 1998). The exact purpose of these bodies remains unknown,
but recent reports have shed new light on their formation and dynamics. In a previous work, our lab
demonstrated that insulator bodies form after dissociation of insulator proteins from chromatin and that
insulator body formation can be induced under conditions of high osmotic pressure (Schoborg et al.,
2013).
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Figure 2.3. Insulator components are interdependent for their colocalization with γH2Av in Drosophila
polytene chromosomes.

A. Colocalization of γH2Av with Mod(mdg4)67.2 in su(Hw)e04061.

Colocalization of γH2Av with CP190 in su(Hw)e04061.

B.

C. Colocalization of γH2Av with Su(Hw) in

mod(mdg4)u1. D. Colocalization of γH2Av with CP190 in mod(mdg4)u1. E. Colocalization of γH2Av with
Su(Hw) in cp190P11/H31-2. F. Pearson’s Correlation Coefficient (PCC) for γH2Av signal with each insulator
signal is plotted, with each point representing the polytene genome of each cell. Error bars represent one
standard error of the mean.

PCC values are grouped by genotype (red = su(Hw)e04061, green =

mod(mdg4)u1, blue = cp190P11/H31-2). Immunofluorescent micrographs of polytene chromosome squashes
obtained from wandering third-instar larvae are shown on the left. Magnified insets are shown to the
right of each figure, corresponding to the white boxes in the figures on the left. Scale bars are 5 μm in the
figures and 2 μm in the insets. Insets are shown as RGB merge, with DAPI on the blue channel, γH2Av on
the green channel, and various insulators on the red channel. Red and green channels are shown
independently in grey scale and merged as magenta and green. Beneath the insets are linescans
performed in FIJI (Schindelin et al., 2012), corresponding to the yellow lines in the merged insets. Linescan
intensities were normalized by dividing each value by the maximum intensity recorded on each channel.
Arrows in the images and respective linescans denote regions of strong colocalization while arrowheads
denote regions enriched for insulator proteins but not γH2Av.
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Immunostaining of S2 cells for γH2Av and Su(Hw) in isotonic cell culture media shows no visibly
apparent pattern between the two proteins (Figure 2.4A). Linescans support this point, with little
covariance seen between the signals (Figure 2.4A). Incubation of S2 cells in hypertonic media (containing
an additional 250 mM NaCl) induced strong insulator body formation as previously reported (Schoborg et
al., 2013). Immunostaining shows clear localization of γH2Av to insulator bodies (Figure 2.4B). Linescans
drawn through the insulator bodies confirm this finding, with each signal following the same pattern
(Figure 2.4B). The vast majority of observed insulator bodies formed during osmotic stress were positive
for γH2Av (92.1%, Figure 2.4C). A number of smaller insulator bodies containing γH2Av also formed under
isotonic conditions, implying that some amount of phosphorylated H2Av may be involved in insulator
body function during normal cellular conditions. Alternatively, these cells may represent cells undergoing
apoptosis (Schoborg et al., 2013). Quantitative colocalization analysis shows a clear and significant
increase in colocalization between Su(Hw) and γH2Av after hypertonic stress, whereas there is no
colocalization between the two signals in isotonic media (Figure 2.4D).
Insulator bodies have previously been shown to form in other cell types such as the polytene cells
of the larval salivary gland (Schoborg et al., 2013). In order to determine whether or not phosphorylated
H2Av was present in insulator bodies formed under osmotic stress conditions, larval salivary glands were
treated in hypertonic solution and immunostained for Su(Hw) and γH2Av. Analysis of the micrographs
reveals strong colocalization of the γH2Av antibody in the insulator bodies labelled by Su(Hw) in salivary
gland cells (Figure 2.4E). There is no significant accumulation of unphosphorylated H2Av in these insulator
bodies (Figure 2.4F, G), suggesting that phosphorylation of this histone variant is important for its
localization to insulator bodies. The mechanism behind how insulators leave chromatin and form bodies
is unknown, and the involvement of γH2Av adds an unexpected layer to this question. The presence of
γH2Av in insulator bodies may also have implications in how cells respond to DNA damage.
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Figure 2.4. Phosphorylated H2Av is a component of insulator bodies. A. Immunostaining of Drosophila
S2 cells in isotonic media (left) and hypertonic media (right). Insulator bodies formed during osmotic
stress are labelled with Su(Hw) (red). Phosphorylated H2Av (green) colocalizes with Su(Hw) in insulator
bodies. Scale bars are 5 μm and insets for analysis are delineated by white boxes. B. Magnified view of
insets showing insulator body formation in hypertonic, but not isotonic, conditions. Insets are shown as
RGB merge, with DAPI on the blue channel, γH2Av on the green channel, and Su(Hw) on the red channel.
Red and green channels are shown independently in grey scale and merged as magenta and green.
Beneath the insets are linescans corresponding to the yellow lines in the merged insets. Scale bars
represent 2 μm. C. Table showing the ratio of insulator bodies with significant amounts of γH2Av. D.
Pearson’s Correlation Coefficient (PCC) for γH2Av signal with Su(Hw) signal is plotted for isotonic versus
hypertonic conditions, with each point representing a field of S2 cells. Error bars represent one standard
error of the mean. The P-value was determined using an unpaired Student’s T-test. E. Polytene
chromosomes from wandering third instar larval salivary glands under hypertonic conditions.
Colocalization between γH2Av and Su(Hw) is shown in the insets and linescan. The scale bar in the wide
view represents 5 μm, the scale bar in the inset represents 2 μm. Linescan intensities in B, E, and G were
normalized by dividing each value by the maximum intensity recorded on each channel.
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Phosphatase Inhibition Affects Interactions between γH2Av and gypsy Insulators
H2Av phosphorylation is tightly regulated by a network of kinases and phosphatases that integrate signals
from various aspects of cellular activity including DNA damage repair (Sirbu and Cortez, 2013).
Dephosphorylation of mammalian γH2AX is mitigated primarily through Protein Phosphatase 2A (PP2A),
but also occurs through the activity of other phosphatases, including Protein Phosphatase 4 (PP4) (Nakada
et al., 2008) and Wip1 phosphatase (Macurek et al., 2010).

In order to determine how H2Av

phosphorylation affects genome dynamics, we used okadaic acid (OA), a potent inhibitor of
serine/threonine phosphatases PP1 and PP2A in vitro and in vivo (Bialojan and Takai, 1988, Haystead et
al., 1989). As okadaic acid may affect other phosphatases at high concentrations (Honkanen and Golden,
2002), a concentration of 50 nM was chosen. Third-instar larval salivary glands were dissected then
incubated in okadaic acid before fixation, squashing, and immunostaining. Examination of the polytene
chromosomes showed no adverse effect of okadaic acid on the binding of insulator proteins or their
colocalization with phosphorylated H2Av (Figure 2.5A, C, D). Quantification of the antibody signals
indicates a significant increase in the amount of Su(Hw) signal in the presence of okadaic acid compared
to untreated samples (Figure 2.5B). Notably, there is also an increase in the amount of phosphorylated
H2Av bound to the polytene chromatin in the presence of okadaic acid compared to the untreated control
(Figure 2.5B). This would seem to indicate that the okadaic acid is inhibiting PP2A from dephosphorylating
γH2Av in chromatin, resulting in a significant accumulation of the modified histone variant. This is in
conflict with findings from human cell culture, which were shown to increase cellular levels of H2AX
phosphorylation in response to DNA damaging agents in the presence of 25 nM okadaic acid, but not in
the presence of okadaic acid alone (Chowdhury et al., 2005). The difference may be a result either of the
lower concentration of okadaic acid used in the previous study, or of the innate differences between the
two model systems, i.e. the dual nature of Drosophila H2Av, which has the combined functions of
mammalian H2AX and H2AZ (van Daal et al., 1988). The increased γH2Av signal in the presence of okadaic
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acid and in the absence of exogenous DNA damage may therefore support the H2AZ-like transcriptional
regulation role in insulator function.
Intriguingly, immunostaining of salivary glands from insulator mutants after incubation in okadaic
acid revealed a significant rescue of both H2Av phosphorylation and its colocalization with components
of the gypsy insulator complex. Close examination of the polytene chromosomes in the su(Hw)e04061
mutant shows many sites of colocalization between γH2Av with both Mod(mdg4)67.2 and CP190 (Figure
2.6A, B) which were lacking in the untreated mutant (Figure 2.3A, B). This result suggests that in su(Hw)
mutants, Mod(mdg4)67.2 interacts with CP190 and that this interaction is enhanced by γH2Av. Similar
results were obtained when staining for Su(Hw) and CP190 in the mod(mdg4)u1 mutant, with both proteins
showing colocalization with phosphorylated H2Av after incubation with okadaic acid (Figure 2.6C, D). As
with the su(Hw)e04061 mutant, this is in contrast to the untreated mutant samples in which γH2Av and
gypsy insulator complexes do not colocalize. Staining of the trans-heterozygous cp190P11/H31-2 mutant for
Su(Hw) after okadaic acid treatment yielded the same response, with colocalization between Su(Hw) and
γH2Av being rescued compared to the untreated mutant (Figure 2.6E). Colocalization analysis over the
entire area of the polytene chromosomes showed strong correlation between the γH2Av signal and signals
from insulator proteins in the okadaic acid-treated insulator mutants (Figure 2.6F). This is reflected in
positive values for Pearson’s Correlation Coefficient (PCC), indicating significant correlations between
γH2Av and gypsy insulator signals. This is in contrast to untreated mutant samples, which show a lack of
correlation between γH2Av and gypsy insulator proteins (Figure 2.3F). These findings point to a model in
which γH2Av acts as a component of gypsy insulators. Phosphorylation of H2Av may be required for gypsy
insulator complex formation or stabilization, and may play an essential role in insulator functions.
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Figure 2.5. Treatment with okadaic acid increases the amount of phosphorylated H2Av on polytene
chromosomes. Shown are co-immunostains of polytene chromosomes from salivary glands treated with
okadaic acid. A. Immunostaining of γH2Av with Su(Hw). B. Quantification of the immunostaining data
show in A. The intensities of Su(Hw) and γH2Av are shown under in the absence and presence of okadaic
acid. Each point represents the polytene genome of an individual cell. Error bars represent one standard
error of the mean. P-values were determined using unpaired Student’s T-tests. C. Immunostaining of
γH2Av with Mod(mdg4)67.2. D. Immunostaining of γH2Av with CP190. Immunofluorescent micrographs
of polytene chromosome squashes are shown on the left. Magnified insets are shown to the right of each
figure, corresponding to the white boxes in the figures on the left. Scale bars are 5 μm in the figures and
2 μm in the insets. Insets are shown as RGB merge, with DAPI on the blue channel, γH2Av on the green
channel, and various insulator proteins on the red channel. Red and green channels are shown
independently in grey scale and merged as magenta and green. Beneath the insets are linescans
corresponding to the yellow lines in the merged insets. Linescan intensities in A, C, and D were normalized
by dividing each value by the maximum intensity recorded on each channel.
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Figure 2.6. Phosphatase inhibition restores localization of γH2Av at insulator sites in insulator protein
mutants. Shown are co-immunostains of polytene chromosomes from salivary glands treated with
okadaic acid. A. Colocalization of γH2Av with Mod(mdg4)67.2 in su(Hw)e04061. B. Colocalization of γH2Av
with CP190 in su(Hw)e04061. C. Colocalization of γH2Av with Su(Hw) in mod(mdg4)u1. D. Colocalization of
γH2Av with CP190 in mod(mdg4)u1. E. Colocalization of γH2Av with Su(Hw) in cp190P11/H31-2. F. Pearson’s
Correlation Coefficient (PCC) for γH2Av signal with each insulator signal is plotted, with each point
representing the polytene genome of each cell. Error bars represent one standard error of the mean. PCC
values are grouped by genotype (red = su(Hw)e04061, green = mod(mdg4)u1, blue = cp190P11/H31-2).
Immunostaining results from polytene chromosome squashes are shown on the left in each panel.
Magnified insets are shown to the right of each figure, corresponding to the white boxes in the figures on
the left. Scale bars are 5 μm in the figures and 2 μm in the insets. Insets are shown as RGB merge, with
DAPI on the blue channel, γH2Av on the green channel, and various insulators on the red channel. Red
and green channels are shown independently in grey scale and merged as magenta and green. Beneath
the insets are linescans corresponding to the yellow lines in the merged insets. Linescan intensities were
normalized by dividing each value by the maximum intensity recorded on each channel.
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We next asked if this role of γH2Av in gypsy insulator dynamics is limited to chromatin-bound
insulators or if it extends to other cellular functions of insulators. To this end, S2 cells were exposed to
osmotic stress to induce insulator body formation with the goal of determining if H2Av phosphorylation
is required for insulator body formation or recovery after stress (Figure 2.7A). As a control to ensure
okadaic acid alone does not induce body formation, cells were incubated in isotonic media with okadaic
acid. These cells showed similarly low numbers of insulator bodies per cell as cells in untreated isotonic
media (Figure 2.7B). Osmotic stress was introduced by increasing the salt concentration (Schoborg et al.,
2013), resulting in the formation of many insulator bodies (Figure 2.7A, C). No significant difference was
seen in the ratio of cells that contained insulator bodies when comparing okadaic acid-treated and untreated samples (Figure 2.7B). Of particular interest, however, is the finding that after the osmotic
stress media is replaced with isotonic media, cells treated with okadaic acid recover significantly less than
cells not exposed to okadaic acid, retaining a greater number of insulator bodies throughout recovery
(Figure 2.7B, C). These results put into context our finding that γH2Av is present in insulator bodies (Figure
2.3) and imply that phosphorylated H2Av must be maintained in the insulator body as part of the normal
osmotic response. Preventing dephosphorylation of γH2Av by phosphatase inhibition prevents resolution
of insulator bodies during isotonic recovery, suggesting this is an essential part of the mechanism
governing the cellular response to osmotic stress. It remains unclear whether H2Av is phosphorylated
after recruitment into insulator bodies or if chromatin-bound H2Av is phosphorylated in response to
osmotic stress before localizing to insulator bodies. A third possibility is that the γH2Av observed in
insulator bodies originates from H2Av that is already phosphorylated through normal metabolic activity.
Further experiments will be necessary to discern which of these models is correct.
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Figure 2.7. Phosphatase inhibi�on prevents recovery from insulator body forma�on a�er osmo�c
stress. A. Tabulated results from OA (okadaic acid) treatment in osmo�c stress and recovery. B. Bar graph
showing the number of cells displaying bodies (grey) and those not displaying bodies (black). OA- and
OA+ treatments are shown for each osmo�c condi�on. P-values were determined using Fisher’s exact
test. n. s. = not signiﬁcant. C. Osmo�c stress and recovery in the absence of okadaic acid (le�) in the
presence of okadaic acid (right). Representa�ve images are shown of S2 cells in isotonic media, in
hypertonic stress media, and recovering in isotonic media. Merged images are shown on the le�, with
each channel shown independently in greyscale. Scale bars represent 5 μm. Exposure �mes and contrast
se�ngs were kept constant between each sample.
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H2Av Is Phosphorylated in gypsy Insulator Sites
While a clear correlation is seen between H2Av phosphorylation and insulator binding proteins genomewide, it is unclear if these interactions are a feature of insulators or sites where insulator proteins bind
independently as transcription factors. For example, outside of the canonical gypsy insulator, Su(Hw)
binds many sites in the genome alone or in conjunction with either CP190 or Mod(mdg4) (Kuhn-Parnell et
al., 2008, Bushey et al., 2009, Soshnev et al., 2012, Soshnev et al., 2013). We therefore asked whether or
not H2Av phosphorylation is required specifically at gypsy insulator sites by looking at two classical
examples, y2 and ct6 (Figure 2.9A). The former is an allele of the yellow (y) gene in which a gypsy insulator
site inserted into the region between enhancers for expression in the wing and body of the fly and the
promoter, cutting off contact between the enhancers and promoter upstream of the yellow gene
promoter and resulting in lowered expression of the yellow gene and ultimately lighter pigmentation of
the adult fly (Harrison et al., 1989, Geyer and Corces, 1992). The latter example is an allele of the cut (ct)
gene in which a gypsy insulator between the wing margin enhancer and cut promoter prevents expression
of the cut gene in the developing wing. This decreases cut expression in cells of the wing margin, leading
to a jagged appearance of the wing margin (Jack et al., 1991, Kim et al., 1996). As it has previously been
demonstrated that a functional gypsy insulator complex composed of Su(Hw), Mod(mdg4)67.2, and
CP190 is required for proper function of the insulator (Georgiev and Kozycina, 1996, Cai and Levine, 1997,
Gause et al., 2001, Ghosh et al., 2001, Mongelard et al., 2002), these sites serve as known examples of
genomic loci associated with binding of each of these components.
To determine if H2Av is phosphorylated at known gypsy sites, immunostaining of the X polytene
chromosomes of larvae carrying the y2 and ct6 alleles were performed in wild-type and mutant
backgrounds. Notably, a strong colocalization was observed for phosphorylated H2Av and each gypsy
insulator component (Su(Hw), Mod(mdg4)67.2, and CP190) at both y2 and ct6 sites (Figure 2.8A).
Strikingly, this colocalization is lost in mod(mdg4)u1 mutants (Figure 2.8B). Su(Hw) is still recruited to gypsy
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insulator sites in mod(mdg4)u1 as expected based on previous reports of mod(mdg4) mutants (Ghosh et
al., 2001, Melnikova, Kostyuchenko, et al., 2017); more significant, however, is the observation that γH2Av
is no longer observed colocalizing with Su(Hw) at y2 or ct6. Likewise, H2Av phosphorylation is no longer
observed at either y2 or ct6 in the su(Hw)e04061 mutant background (Figure 2.8C).

The lack of

Mod(mdg4)67.2 at y2 and ct6 in the absence of Su(Hw) agrees with previous reports, which implicate
Su(Hw) as necessary for recruitment of Mod(mdg4)67.2 to gypsy loci (Ghosh et al., 2001, Melnikova,
Kostyuchenko, Molodina, et al., 2018), while the lack of γH2Av implies that either Su(Hw) is directly
needed to maintain H2Av in a phosphorylated state or that a complete gypsy complex containing
Mod(mdg4)67.2 is required. To expand on this question, polytene immunostaining from the transheterozygous cp190P11/H31-2 mutant was performed (Figure 2.8D). This showed a decrease in the amount
of Su(Hw) present at y2 and ct6, consistent with a previous report that found reductions in both Su(Hw)
and Mod(mdg4)67.2 in the polytene chromatin of cp190 mutants, (Melnikova, Kostyuchenko, Molodina,
et al., 2018). Similar to the mutations in su(Hw) and mod(mdg4), mutation of cp190 also significantly
reduced levels of H2Av phosphorylation at the two gypsy loci examined. All together, these results
indicate that reduction of any of the canonical gypsy insulator components is sufficient to disrupt H2Av
phosphorylation at these sites. This would argue against this relationship being limited to Su(Hw)-only
sites and supports the notion that H2Av phosphorylation is either promoted or stabilized by interactions
with intact gypsy insulator complexes.

H2Av Contributes to gypsy Insulator Function
Our earlier results strongly suggest a correlation between γH2Av and gypsy insulator components,
including colocalization on polytene chromatin (Figures 3.1 and 3.8) and in insulator bodies (Figure 2.4).
Some evidence for a functional relationship was found in the dissolution of insulator bodies (Figure 2.7)
but it remained unclear if γH2Av plays any role in canonical insulator functions such as enhancer-blocking.
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Based on the correlations described above between gypsy insulator proteins and γH2Av, we wondered
whether or not mutation of His2Av, the sole H2A variant gene found in the Drosophila genome (van Daal
et al., 1988), would affect gypsy insulator function. As the null mutation of His2Av is homozygous lethal
at the third instar larval stage (van Daal and Elgin, 1992), we were precluded from observing how a
complete lack of H2Av would affect the yellow and cut phenotypes seen in adults. We therefore set up a
series of crosses to examine how adult animals that carried heterozygous mutations for both His2Av and
su(Hw).
The effects of these mutants on the ct6 allele were measured by examining the wing margins.
Wing margins in Drosophila contain mechanosensory bristles (Hartenstein and Posakony, 1989) that
require expression of the cut gene for proper formation (Jack, 1985). Lack of cut expression results in
decreased specification and differentiation of mechanosensory bristles and increased rates of cell death
(Jack et al., 1991, Liu et al., 1991). The ct6 phenotype is characterized by wings having an incomplete
margin due to such defects, resulting in the nominal “cuts” in the wing which can be rescued to near wild
type by mutations in gypsy insulator genes (Georgiev and Kozycina, 1996, Kim et al., 1996). Wing width
was measured as a proxy for cut gene activity, as wings with the ct6 phenotype are less wide due to the
decreased cell proliferation associated with this phenotype. Width of the wing is calculated as the area
divided by the feret diameter (a measure of length). Notably, flies that contained heterozygous mutations
for both His2Av810 and su(Hw)e04061 displayed wider wings, while both single heterozygotes showed varying
degrees of cuts in the margin (Figure 2.9B). To verify this finding, the null su(Hw)V allele was next tested
in conjunction with His2Av810. Consistent with the His2Av810/su(Hw)e04061 genotype, His2Av810/su(Hw)V
double heterozygotes had significantly wider wings than either single heterozygote (Figure 2.9B). This
increased suppression of gypsy insulator phenotypes in su(Hw) heterozygous backgrounds implies that
H2Av is involved in gypsy insulator function.
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Figure 2.8. Phosphorylated H2Av is present at gypsy insulator sites. A. Colocalization between γH2Av
and Su(Hw) (left), Mod(mdg4)67.2 (center), and CP190 (right) in a wild type y2wct6 background. B.
Colocalization between γH2Av and Su(Hw) in a mod(mdg4)u1 homozygous background. C. Colocalization
between γH2Av and Mod(mdg4)67.2 in a su(Hw)e04061 homozygous background.

D. Colocalization

between γH2Av and Su(Hw) in a cp190P11/H31-2 trans-heterozygous background. Immunostaining results
are shown of the X polytene chromosome from wandering third instar larvae in the y2wct6 background.
Each panel shows an X chromosome, with the y2 and ct6 sites labelled and delineated with white boxes.
Beneath these are insets showing the y2 and ct6 sites in detail. Insets are shown as RGB merge, with DAPI
on the blue channel, γH2Av on the green channel, and various insulators on the red channel. Red and
green channels are shown independently in grey scale and merged as magenta and green. Beneath the
insets are linescans corresponding to the yellow lines in the merged insets. Arrows represent the
approximate sites of each gypsy locus. Scale bars are 2 μm in the main figures and insets. Linescan
intensities were normalized by dividing each value by the maximum intensity recorded on each channel.
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In order to determine if this requirement for H2Av in gypsy insulator function is specific to the cut
gene or if it is a general mechanism for gypsy insulators, we tested the effect of His2Av mutation on the
y2 phenotype. Effects of these mutations on the y2 allele were tested by measuring the degree of
pigmentation in the wings and in the darkened A5 tergite found in male flies. Heterozygous HisAv810 or
su(Hw) e04061 mutations by themselves have little effect on expression of yellow in the abdomen (Figure
2.9C). In contrast to this, abdomens in the double heterozygous His2Av810/su(Hw)e04061 mutants were
significantly darker than the single heterozygous mutants (Figure 2.9C). This implies a reduction in the
enhancer-blocking capacity of the gypsy insertion upstream of yellow and suggests a functional role for
H2Av in gypsy insulator function. In order to exclude the possibility that second-site mutations in the
su(Hw)e04061 background were influencing this rescue, we crossed the null su(Hw)V allele with the His2Av810
mutant. Flies doubly heterozygous for su(Hw)V and His2Av810 showed a statistically significant increase in
pigmentation compared to the His2Av810 heterozygote, but not the single su(Hw)V mutant (Figure 2.9C).
This discrepancy between su(Hw)e04061 and su(Hw)V may be due to mutation of the neighboring RpII15
gene (an RNA Pol II subunit) in the su(Hw)V chromosome (Harrison et al., 1992), which may have an
epistatic effect on this phenotype. Taken together, these findings represent the first evidence for the
requirement of a histone protein in Drosophila insulator function and may hint at a mechanism for how
insulators work. There is a correlation between the lack of a balancer chromosome and the rescues seen
in this assay. The lack of a balancer is unlikely to be a causative factor in the rescues, as the TM6B and
TM6C balancers present in the single heterozygotes carry the ebony1 marker, which significantly increases
the degree of pigmentation (Wittkopp et al., 2002), and the single heterozygotes are lighter than the
trans-heterozygotes.
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γH2Av colocalizes with Su(Hw) at TAD boundaries
Next, given the previous observations indicating that γH2Av and Su(Hw) sites colocalize in polytene
chromosomes, we asked whether the colocalization of both proteins is also supported at the molecular
level by Chromatin Immunoprecipitation (ChIP) experiments. To answer this question, we used publicly
available ChIP data for γH2Av and Su(Hw) from Kc167 cells (SRX1299942 SRA) (Li et al., 2016). We used
SeqMiner to compare the two ChIP-seq datasets by heatmap analysis. The peak summits for γH2Av were
taken as the reference coordinate for a heatmap and profile analysis comparing Su(Hw) and γH2Av
distributions (Figure 2.10A). The profile of mean read densities for both proteins also shows a significant
overlap between Su(Hw) and γH2Av peaks at γH2Av peaks flanked by 10,000 bp (Figure 2.10B). These
results support our observation that the genomic distribution of Su(Hw) and γH2Av overlap in polytene
chromosomes.
Because insulator proteins are frequently associated with the boundaries of Topologically
Associating Domains (TADs), we next asked whether γH2Av is also enriched at TAD boundaries. To address
this question, we used publicly available data and obtained a map of all Drosophila TADs as determined
by Hi-C using Drosophila Kc167 cells (Ramirez et al., 2018). We used this data to generate a BED file
consisting of 1,000 bp DNA fragments containing all TAD boundaries in the Drosophila genome flanked by
500 bp at both sites of the boundary. The 1 kb TAD boundary BED file was used as a reference coordinate
for a heatmap comparing the density distribution of nucleosomes containing the histone variant H2Av,
either homotypic (H2Av Hom) or heterotypic (H2Av Het), as well as the densities of yH2Av and Su(Hw) in
the Drosophila genome (Figure 2.10C). The distribution of H2Av nucleosomes was obtained from a
previous study (Weber et al., 2010). The heatmap analysis shows there is a strong association between
the density distribution of H2Av nucleosomes and TAD boundaries (Figure 2.10C). Generally, we found
homotypic H2Av nucleosomes are enriched at the boundaries, whereas heterotypic nucleosomes have a
significant density drop at TAD boundaries.
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Figure 2.9. H2Av contributes to gypsy insulator function. A. Illustration of the upstream regulatory
elements found in the ct6 and y2 alleles. Gene coding sequences (purple) are regulated by coordinated
contacts between enhancers (blue) and promoters (green). In each case, the gypsy retrotransposon
(denoted with the thick black bar) has been inserted between a promoter and at least one enhancer. LTR
= long terminal repeats, RT genes = retrotransposon genes (gag, pol, and env), IBS = insulator binding site,
IBPs = insulator binding proteins (Su(Hw), Mod(mdg4)67.2, and CP190). When the IBS is bound by a
complete insulator complex, it interrupts communication between the promoter and distal enhancers. In
cut6 this prevents expression of cut by the wing margin enhancer (En-wm), while in yellow2 the insulator
prevents expression of yellow directed by the wing enhancer (En-w) and the body enhancer (En-b) but not
the bristle enhancer (En-br) between the yellow promoter and transcription start site. Genomic distances
are not drawn to scale. B. The average length of wings along the feret axis was used as a metric for the
cut phenotype. Wing area in mm2 (yellow shaded area) was divided by feret diameter (red line). Examples
of wings are displayed above their respective genotypes. C. y2 phenotype scoring in the male abdomen.
The illustration on the left shows the male abdomen with abdominal segments 3-6 labelled. A circular
ROI (yellow circle) was sampled from the a5 tergite of each male to determine the degree of pigmentation.
The graph depicts the mean pixel intensity from individual flies by genotype. Example pictures of
abdomens are displayed above their respective genotypes. In B and C, Green dots represent su(Hw)
heterozygotes, orange dots represent His2Av810 heterozygotes arising from each cross, and red dots
indicate flies doubly heterozygous for His2Av810 and su(Hw). Above each data set is the sample size and
single letter statistical codes from an ANOVA performed with Dunnett’s T3 multiple comparisons, with
significant differences at P ≤ 0.05.
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Figure 2.9 continued
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Interestingly, enrichment in γH2Av and Su(Hw) is also observed at the TAD boundaries (Figure
2.10C). Signal enrichment can be grouped in two major clusters, where the most significant difference is
the relative enrichment of Su(Hw) and γH2Av at the boundaries (Figure 2.10D, E). In cluster 2, heterotypic
H2Av and γH2Av have similar enrichment levels through the DNA flanking the boundary. At the center of
the boundary, however, is the homotypic instead of the heterotypic H2Av that has an enrichment similar
to that of γH2Av, with both intensity profiles (H2Av Hom and γH2Av) significantly more elevated than in
the flanking DNA (Figure 2.10E). Interestingly, Cluster 1 has the opposite pattern. In cluster 1, homotypic
H2Av and γH2Av have similar enrichment densities through the DNA flanking the boundary and remain
elevated at the boundary center. However, γH2Av and Su(Hw) intensities are similar and higher than that
of the homotypic and heterotypic H2Av nucleosomes (Figure 2.10D).
The functional significance of the association of γH2Av with TAD boundaries is intriguing.
Interestingly, we found that the association of γH2Av with TAD boundaries is very similar to that of Su(Hw)
and other insulator proteins in that is found as an enriched peak. One such example of this is a TAD
boundary that flanks a TAD containing the homeotic gene Abdominal A (Abd-A). Like other boundaries
associated with the homeobox gene cluster (Postika et al., 2018, Ozdemir and Gambetta, 2019), this
boundary is enriched in the insulator proteins Su(Hw), Modifier of Mdg4, CP190, CTCF, and HIPP1. Here,
we show this boundary is equally enriched in γH2Av (Figure 2.10F). Moreover, when observing the
distribution of H2Av nucleosomes at this site, it appears that the γH2Av peak does not colocalize with a
nucleosome, suggesting the possibility that γH2Av may be non-nucleosomal. In another example, two
boundaries flank a TAD that contains the developmentally regulated pair rule gene eve (Figure 2.10G).
Each boundary is enriched in γH2Av; however, in the left boundary the γH2Av peak overlaps at least
partially with the nucleosomal H2Av, whereas in the right boundary the γH2Av peak seems to be nonnucleosomal as well. This particular boundary corresponds to the well characterized Homie insulator
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(Fujioka et al., 2013). These findings show that the distribution of γH2Av in the Drosophila genome display
all the properties of insulator proteins, suggesting that γH2Av may be required for insulator function.

Discussion
Our results have demonstrated a clear relationship between the phosphorylated histone variant γH2Av
and chromatin insulator proteins. γH2Av colocalizes with Su(Hw) insulator complexes throughout the
genome, and both are enriched at TAD boundaries. Disruption of insulator complex formation prevents
stable phosphorylation of H2Av that can be overcome by phosphatase inhibition. Importantly, we provide
evidence that this histone variant is involved in insulator activity, as dephosphorylation of γH2Av is
necessary for dissolution of insulator bodies and reducing the genetic dose of H2Av in a sensitized su(Hw)
heterozygous mutant background partially rescues gypsy insulator phenotypes.
Chromatin insulator proteins were initially characterized by their enhancer-blocking properties
and their ability to prevent the spread of heterochromatin, and more recently by their role in large-scale
genome organization (Harrison et al., 1989, Geyer and Corces, 1992, Bell et al., 1999, Bushey et al., 2009).
In addition to these canonical properties, however, our lab has uncovered roles of insulators in other
aspects of cell metabolism including the osmotic stress response (Schoborg et al., 2013) and genome
stability (Hsu et al., 2020). It is now established that mutation of the only insulator protein found in
humans, CTCF, predisposes cells to cancer formation (Docquier et al., 2005, Kemp et al., 2014, Guo et al.,
2018) through increased rates of unrepaired DNA damage. Despite this knowledge, the mechanisms
linking insulator activity to the maintenance of genome stability remain enigmatic. Here, we report a
functional relationship between a Drosophila insulator and H2Av, the sole histone H2A variant in fruit
flies. H2Av in Drosophila performs functions associated with both the mammalian histone variants H2AX
and H2AZ (Baldi and Becker, 2013), and misregulation of H2Av in Drosophila is associated with severe
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Figure 2.10. Phosphorylated H2Av associates with TAD boundaries. A. Heatmap comparing the intensity
distributions of yH2Av and Su(Hw) using yH2Av peaks as reference. B. Mean read density profiles of
yH2Av and Su(Hw) centered at yH2Av peaks. C. Heatmap comparing the intensity distributions of H2Av
nucleosomes, yH2Av and Su(Hw) and Su(Hw) using TAD boundaries as a reference. D. and E. Mean read
density profiles of two major clusters from heatmap on C, centered at TAD boundaries. F. Peak profile of
Insulator proteins, including yH2Av and the H2Av nucleosome distribution at the left boundary of the abdA TAD. G. Peak profile of Insulator proteins, including yH2Av and the H2Av nucleosome distribution at
the Homie insulator flanking the pair rule gene eve. H. This model shows the interaction between gypsy
insulator components and H2Av phosphorylation. We propose that binding of the Su(Hw) insulator
complex promotes phosphorylation of neighboring H2Av. This stabilizes binding of the insulator complex
and promotes spread of the H2Av phosphorylation mark through neighboring nucleosomes. (i.) Case in
which Su(Hw) complexes interact with nucleosomal γH2Av. (ii.) Case in which Su(Hw) complexes interact
with non-nucleosomal γH2Av. (iii.) Case in which Su(Hw) is absent. Phosphorylation of H2Av is
significantly reduced. I. During osmotic stress, insulator complexes leave chromatin and form insulator
bodies. These bodies contain γH2Av that must be dephosphorylated during recovery so that insulator
proteins can return to their genomic binding sites.
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developmental phenotypes including nuclear falling in embryos (Li et al., 2014), the formation of necrotic
tumors in the larval lymph gland (Grigorian et al., 2017) and an inability to maintain stem cell populations
in adult tissues (Morillo Prado et al., 2013). Like H2AX, H2Av is phosphorylated in response to DNA double
strand breaks (DSBs) and serves as a chromosomal mark to recruit DNA repair proteins (Madigan et al.,
2002, Joyce et al., 2011).
Our initial experiments in Drosophila polytene chromosomes revealed a striking correlation
between the binding sites of phosphorylated H2Av and insulator proteins at gypsy insulator sites (Figure
2.8) and at Su(Hw) sites elsewhere in the genome (Figures 3.1, 3.10). Importantly, this colocalization
depends on having a complete and stable Su(Hw) insulator complex, as mutating any of the three core
insulator components reduces the coincidence of γH2Av signals with the remaining insulator proteins
(Figure 2.3). Some insight into the mechanism behind this phenomenon comes from experimental
inhibition of PP2A, the phosphatase responsible for dephosphorylating γH2Av after resolution of double
strand breaks (Merigliano et al., 2017). We found that the amount of γH2Av in undamaged polytene
chromosomes increases after PP2A inhibition. This was as expected due to the known role of PP2A in
regulating H2Av phosphorylation.

Surprisingly, the amount of Su(Hw) bound to the polytene

chromosomes also significantly rose when tissues were treated with the PP2A inhibitor (Figure 2.5). This
seems to imply that gypsy insulator complex formation or stability is driven at least in part by the
phosphorylation state of H2Av, although we cannot rule out the potential impact that other PP2A
substrates may have on insulator complexes. Indeed, we show that inhibition of PP2A rescues gypsy
insulator complex formation in tissues missing one of the three core insulator binding proteins (Figure
2.6). This supports the notion that Su(Hw) insulators are stabilized by the presence of phosphorylated
H2Av.
To further explore the relationship between insulator binding proteins and γH2Av, we performed
immunostains on polytene chromosomes in the background of mutations in genes encoding for insulator
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proteins. We observed significant reductions of γH2Av signal in su(Hw)e04061 and cp190P11/H31-2 (Figure 2.2),
suggesting a relationship between γH2Av and gypsy insulator components in terms of recruitment to the
chromatin. Notably, the reduction of γH2Av in su(Hw)e04061 was more extreme than in other mutants.
From this we postulate that the interaction between γH2Av and Su(Hw) insulator sites may be largely
mediated through interactions with Su(Hw) itself, although interactions with Mod(mdg4)67.2 and CP190
may also contribute to the overall stability of the complex. A large fraction of Su(Hw) binding sites do not
include Mod(mdg4)67.2 or CP190 based on chromatin immunoprecipitation data (Negre et al., 2010). It
will thus be informative for future experiments to determine whether or not the presence of H2Av or
γH2Av is required for insulator activity or transcriptional regulation at other loci bound by Su(Hw).
Our results to this point showed numerous correlations between gypsy insulators and γH2Av in
chromatin, but it remained unclear if there was a functional relationship. Therefore, our final round of
experiments sought to determine if γH2Av influences insulator function. These experiments are limited
by the lethality of adults H2Av homozygous mutant, but one key finding is the partial rescue of the ct6
phenotype in su(Hw)e04061/His2Av810 double heterozygotes (Figure 2.9).

Significant increases in

pigmentation in the abdomens of male flies were also found in this genotype in the y2 background, and
the ct6 phenotype rescue was replicated in the su(Hw)V/His2Av810 background (Figure 2.9).

This

demonstrates that H2Av influences the activity of insulator complexes in multiple tissues and therefore
could be considered an insulator protein itself.
Our findings point to a model in which gypsy insulator components and γH2Av stabilize each other
in the chromatin (Figure 2.10H). Based on our results and the fact that Su(Hw) makes direct interactions
with DNA while Mod(mdg4)67.2 and CP190 are recruited by interactions with Su(Hw) (Harrison et al.,
1993, Gdula et al., 1996, Ghosh et al., 2001, Pai et al., 2004, Melnikova, Kostyuchenko, et al., 2017), we
propose that Su(Hw) is the main site of the interaction with γH2Av and that Mod(mdg4)67.2, and
potentially CP190, stabilize this interaction. Further biochemical analysis will be required to determine if
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γH2Av is in direct physical contact with Su(Hw) and, if so, which domains are the contact points between
these proteins. Another possibility is an indirect association between γH2Av and Su(Hw), possibly via
another yet unknown protein. Interactions with RNA may be another mechanism by which these proteins
associate based on the recent finding that Shep RNA is required for gypsy insulator function (Chen et al.,
2019). Direct binding with Mod(mdg4)67.2 or CP190 cannot be ruled out either, though such interactions
are likely to have less effect on γH2Av recruitment than that with Su(Hw), based on results from the ct6
and y2 phenotypic rescue experiment (Figure 2.9).
Our model also proposes that γH2Av localizes in insulator bodies that form as a result of osmotic
stress (Figure 2.10I). The mechanism remains unknown with possibilities including disassembly of the
complex and reassociation as nucleoplasmic bodies or the entire complex translocating from chromatin
into insulator bodies. It is not yet clear, however, if the γH2Av found in insulator bodies comes from the
same population as found in chromatin or if these proteins are recruited from the non-chromatin bound
nucleoplasmic H2Av population.
An interaction between Su(Hw) and nucleosomes was recently reported in which gypsy insulators
serve to position nucleosomes and establish regular nucleosome phasing (Baldi et al., 2018). Our
observations may relate to this finding if such Su(Hw)-based nucleosome positioning interactions depend
on the presence of γH2Av. Another possibility is a potential relationship between contacts with gyspy
insulator proteins and whether neighboring nucleosomes are heterotypic or homotypic for this histone
(Weber et al., 2010). Our ChIP-seq analysis shows enrichment for homotypic H2Av along with Su(Hw) and
other insulator proteins at TAD borders (Figure 2.10). This raises the question of whether gypsy insulator
proteins affect the composition of nearby nucleosomes, or conversely, if these insulator proteins are
preferentially recruited to homotypic nucleosomes. It is also possible that H2Av is acting as an insulator
protein outside of a nucleosome, as ChIP-seq peaks enriched for γH2Av and insulator proteins do not
necessarily align to nucleosomes (Figure 2.10). While the mechanistic relationship between these groups
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of proteins remains unknown, our data add to a growing consensus that interactions between histone
proteins and insulator proteins are required for cellular homeostasis and maintenance of genome
integrity.
Recent results from mammalian cell culture studies highlight an interaction between H2AZ, the
histone variant associated with transcriptional regulation (Giaimo et al., 2019), and CTCF, the sole
insulator protein in mammals (Wen et al., 2020). As Drosophila H2Av serves orthologous functions to
both mammalian H2AZ and H2AX, our findings regarding insulators and the early DSB marker γH2Av may
be relevant to human health as CTCF is frequently mutated in various cancers (Kemp et al., 2014, Canela
et al., 2017, Guo et al., 2018). Mutation of CTCF in Drosophila is associated with instability in ribosomal
DNA found in the nucleolus (Guerrero and Maggert, 2011). If the relationship between insulator proteins
and the DNA damage repair pathway is conserved from flies to humans, testing for interdependence of
these components may provide clinically useful information. Indeed, it was recently described that CTCF
sets the boundaries for phosphorylated H2AX spreading in human cell culture (Natale et al., 2017) and
that CTCF and γH2AX are both recruited to sites of DSBs in mouse embryonic fibroblasts (MEFs) (Lang et
al., 2017). Unlike our findings with Su(Hw), CTCF depletion in MEFs increases H2AX phosphorylation but,
similar to Su(Hw) depletion in flies, induces genome instability (Lang et al., 2017), possibly indicating a
different mechanism linking CTCF to H2AX phosphorylation. The link between DNA damage repair and
insulator proteins is further corroborated by the recent finding that TAD boundary strength and CTCF
insulation strength both increase in an ATM-dependent manner in human cell culture after X-ray-induced
DNA damage (Sanders et al., 2020).
Other questions generated from our results here will need to be addressed in future experiments.
One example is determining how H2Av or its phosphorylated form affect other phenotypes associated
with lack of su(Hw) expression. Importantly, su(Hw) has been shown to regulate genome stability
(Lankenau et al., 2000) and we recently described the presence of chromosomal aberrations in actively
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dividing neuroblasts of su(Hw)-deficient larvae (Hsu et al., 2020). How these aberrations arise is still
unclear, however, our finding here that su(Hw) homozygotes show significantly less phosphorylated H2Av
may shed light on a mechanism. Cells that are unable to phosphorylate H2Av in response to DNA damage
may be unable to recruit essential DNA damage repair proteins to the site of DSBs. If left alone, these
unrepaired DSBs become obvious candidates for the source of the chromosomal aberrations seen in larval
neuroblasts. Further studies will address this question, along with examining the role of Su(Hw) in repair
of induced DNA damage, as well as the role of γH2Av in boundary function and genome organization. Our
results so far provide a foundation for understanding how the interplay between chromatin insulators and
histones influences gene regulation and genome stability.
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Chapter III: Insulators and DNA damage
Abstract
Genome architecture is regulated by chromatin insulator proteins, and misregulation of insulator function
is associated with genome instability caused by defects in the DNA damage response. Indeed, mutations
of the sole insulator protein in humans, CTCF, are carcinogenic. Here, we demonstrate roles for the
Su(Hw) chromatin insulator complex in the DNA damage response in Drosophila melanogaster. Lack of
Su(Hw) results in chromosomal breaks in mitotic larval neuroblasts. Su(Hw) and Mod(mdg4)67.2
immunostaining signals increase on polytene chromatin in response to UV irradiation, and Su(Hw) is
necessary for both the increased Mod(mdg4)67.2 and H2Av phosphorylation in response to UV treatment.
Su(Hw) is also necessary for H2Av phosphorylation in polytene chromatin in response to X-ray irradiation,
although Su(Hw) is not needed for the response to UV or X-rays in neurons, where Su(Hw) is not normally
expressed. Mutation of the ATR/mei-41 and ATM/tefu DNA damage response kinases increases Su(Hw)
binding to polytene chromatin under native conditions but prevents the increase of Su(Hw) chromatin
binding in response to UV irradiation. These findings support a critical role for the Su(Hw) insulator
complex in the DNA damage response through the regulation of H2Av phosphorylation.

Introduction
Chromatin insulators help mitigate the response to DNA damage in human cells and previous work by our
lab characterized the relationship between the phosphorylated form of the H2A variant in Drosophila,
γH2Av, and insulator proteins. Our study revealed a close association between Su(Hw) insulator proteins
and γH2Av throughout the genome by a combination of immunostaining and ChIP-seq analysis of
publically available datasets (Simmons et al., 2021). Mutation of any component of the Su(Hw) insulator
complex was enough to disrupt the interaction of this complex with γH2Av, and su(Hw) mutants displayed
significantly less γH2Av in polytene chromatin than wild type. The association between insulator proteins
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and γH2Av was strengthened by treatment with an inhibitor of protein phosphatase 2A (PP2A). We also
show that γH2Av is a component of insulator bodies that form during osmotic stress and that recovery of
the bodies after stress can be prevented by inhibition of PP2A (Simmons et al., 2021). Mutation of His2Av
suppressed the ct6 gypsy phenotype in a sensitized su(Hw) heterozygous background, demonstrating that
H2Av and Su(Hw) function in the same developmental pathway in the wing. Several questions were still
left after these experiments, including which kinases might promote this interaction and how lack of H2Av
might affect insulator protein recruitment to chromatin.

Methods and Materials
Fly stocks and husbandry
All stocks were maintained on a standard cornmeal agar fly food medium supplemented with yeast at
20°C; crosses were carried out at 25°C. The following stocks are maintained in our lab and were originally
obtained from Dr. Victor Corces (Emory University): w1118; su(Hw)V/TM6B, Tb1. The stock w1118;
PBac(RB)su(Hw)e04061/TM6B, Tb1 was obtained from the Bloomington Drosophila stock center (BDSC:
18224). These remaining stocks were provided by our lab: OR, y2w1ct6; PBac(RB)su(Hw)e04061/TM6B, Tb1
(derived from BDSC: 18224).

Antibodies
A rabbit polyclonal IgG antibody against Su(Hw) was previously generated by our lab (Wallace et al., 2010,
Schoborg et al., 2013). Antibody against the phosphorylated form of H2Av (UNC93-5.2.1) (Lake et al.,
2013) was obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH
and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. These antibodies
were all diluted 1:1 in glycerol (Fisher Scientific, BP229-1, lot 020133) and used at a final dilution of 1:200.
Secondary antibodies were all diluted 1:1 in glycerol and used at a final dilution of 1:200. The following
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secondary antibodies were used in this study: Alexa Fluor 594 goat anti-rabbit (Invitrogen, A-111037, lot
2079421), Alexa Fluor 488 donkey anti-rabbit (Invitrogen, A-21206, lot 1834802), and Alexa Fluor 488 goat
anti-mouse (Invitrogen, A-11001, lot 1858182), and a Texas Red anti-mouse (Jackson Laboratories).

Immunostaining of larval tissues
Wandering third instar larvae were dissected in PBS. Tissues were immediately placed into fixative (4%,
para-formaldehyde (Alfa Aesar, 43368, lot N13E011), 50% glacial acetic acid (Fisher Scientific, A38-212,
lot 172788)) on a coverslip for one minute. Samples were squashed by lowering a slide on top of the
sample then turning it over, placing it between sheets of blotting paper, and hitting the coverslip firmly
with a small rubber mallet. Slides were dipped in liquid nitrogen, coverslips were removed, and samples
were incubated in blocking solution (3% powdered nonfat milk in PBS + 0.1% IGEPAL CA-630 (SigmaAldrich, 18896, lot 1043)) for 10 minutes at room temperature. The slides were dried and incubated with
primary antibodies overnight at 4°C in a box humidified with wet paper towels. The next day, slides were
washed twice in PBS + 0.1% IGEPAL CA-630 before incubation with secondary antibodies for three hours
in the dark at room temperature. Slides were washed twice in PBS + 0.1% IGEPAL CA-630, treated with
DAPI solution of 0.5 μg/mL (ThermoFisher, D1306) for one minute, and washed one more time in PBS
alone.
Samples were mounted with Vectashield antifade mounting medium (Vector Laboratories, H1000, lot ZF0409) and coverslips were sealed with clear nail polish. All microscopy for immunostaining
was performed on a wide-field epifluorescent microscope (DM6000 B; Leica Microsystems) equipped with
a 100X (NA 1.35) oil immersion objective and a charge-coupled device camera (ORCA-ER; Hamamatsu
Photonics). Image acquisition was performed using SimplePCI (v6.6; Hamamatsu Photonics). Image
manipulation was performed in FIJI (Schindelin et al., 2012); all contrast adjustments are linear. Images
were further processed in Adobe Photoshop CS5 Extended, Version 12.0 x64. Figures were assembled in
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Adobe Illustrator CS5, Version 15.0.0. Statistical analyses were performed in GraphPad Prism version 8.0.0
(224) (GraphPad Software, San Diego, CA).

Fluorescence intensity and colocalization analysis
Images were analyzed for the amount of each protein (i.e. the intensity of each channel) using a macro
script in FIJI (Schindelin et al., 2012). The DAPI channel was used to automatically generate non-biased
ROIs for each cell, which were then manually curated for extra precision. A rolling-ball background
subtraction algorithm was used for all images. Intensity measurements were made using the measure
function. Numerous genomic images were collected from each sample. All acquisition parameters were
kept constant between slides within each experiment.

Chromosomal aberration (CAB) assay
Wandering third instar larvae were selected and quickly dissected in PBS to obtain the brain with ventral
nerve cord attached. Brains were incubated in 0.5% sodium citrate, pH 6.00, for 10 minutes. Tissues were
fixed in 4% paraformaldehyde for 1 minute. Tissues were squashed between a slide and a coverslip before
DAPI staining. To determine the frequency of metaphasic cells that show CABs in larval brains, pictures
were taken of fifty fields of view that contained at least one metaphasic cell. Each metaphasic cell was
scored manually for the presence of CABs based on DAPI staining.

Western blotting
Tissues were dissected from wandering third instar larvae in 1X PBS. Tissues were collected in RIPA buffer
(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0) supplemented
with protease inhibitor (A32953, Thermo Scientific) and a phosphatase inhibitor (A32957, Thermo
Scientific). Samples were homogenized in a 500 μL PCR tube with a motorized pestle, mixed with 5X
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loading buffer (0.5 M Tris-HCl, pH6.8, 5% SDS, 0.0125% bromophenol blue, 12.5% β-mercaptoethanol,
50% glycerol) and 15% per volume β-mercaptoethanol, and boiled for 10 minutes. Protein samples were
separated on 8% polyacrylamide gels and transferred onto 0.45 μm PVDF membranes. Membranes were
blocked in a solution of 20% Odyssey Blocking Buffer (LI-COR, 927-50000) in TBS at room temperature for
one hour. Membranes were incubated in primary antibodies diluted in TBST at 4 °C overnight. Primary
antibodies used in these western blots include the mouse α-γH2Av (1:5,000), our rabbit polyclonal α-H2Av
antibody (1:500). Next, membranes were washed four times in TBST, 5 minutes each wash. Membranes
were then incubated in secondary antibodies diluted in TBST at room temperature for one hour.
Secondary antibodies used in these western blots include Goat α-rabbit 680 RD (1:10,000) and Donkey αmouse 800 CW (1:10,000). Membranes were washed four times in TBST followed by two washes in TBS,
5 minutes each wash. Blots were imaged on an Odyssey CLx scanner (LI-COR). Image files were
manipulated in FIJI for analysis and presentation (Schindelin et al., 2012).

Results
Mutation of su(Hw) is associated with chromosomal aberrations (CABs)
Based on previous results demonstrating a relationship between Su(Hw) and DNA damage (Lankenau et
al., 2000, Hsu et al., 2020), we sought to determine the effect of su(Hw) null mutation on genome
integrity. One common method used to assay repair of double strand breaks is by karyotyping of mitotic
chromosomes from actively dividing neuroblast cells in the larval brain (Gatti and Goldberg, 1991).
Neuroblasts are stem cells in the central nervous system of Drosophila that divide to give rise to a copy of
itself alongside a more differentiated cell such as the ganglion mother cell, which later divides to generate
terminally differentiated neurons and glia (Figure 3.1A). Using this assay we found that mutation of
su(Hw) is associated with the presence of chromosomal aberrations (Figure 3.1 C-E). This was true for
both su(Hw)e04061 homozygotes and for su(Hw)V/e04061 trans-heterozygotes (Figure 3.1 D, E) and supported
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other findings from our lab that demonstrate a role for Su(Hw) in maintaining genome integrity (Hsu et
al., 2020).

Polytene chromosomes require Su(Hw) to respond to DNA damage
In order to determine whether the interaction between chromatin insulator proteins and H2Av is related
to the histone variant’s role in the DNA damage response, third instar larvae were treated with UV
irradiation and allowed three hours to recovery. Immunostaining of salivary gland polytene chromosomes
revealed a significant increase in the amount of H2Av phosphorylation in the wild type OR strain after UV
treatment when compared to the unexposed control (Figure 3.2 C, D), indicating the presence of DNA
damage. Additionally, the immunostaining intensity of Su(Hw) protein on polytene chromatin increased
significantly after UV irradiation of wild type larvae (Figure 3.2 C, D). This finding was not replicated in
diploid cells in the larval brain that express little su(Hw), however, where no significant increase in Su(Hw)
signal was seen despite increased H2Av phosphorylation after UV treatment (Figure 3.2 A, B), suggesting
this response is not conserved between the specialized polytene cells and diploid neuronal cells that do
not typically express much Su(Hw).
The level of Su(Hw) protein on polytene chromatin was significantly decreased in the su(Hw)e04061
mutant larvae compared to the wild type, as was the level of Mod(mdg4)67.2, which depends on Su(Hw)
for recruitment to chromatin (Figure 3.3 A,B). Like Su(Hw), Mod(mdg4)67.2 levels increase significantly
in polytene chromosomes in response to UV irradiation (Figure 3.3 A,B). This increase in Mod(mdg4)67.2
is dependent on Su(Hw), as no significant change in Mod(mdg4)67.2 levels is seen in the su(Hw)e04061
mutant after UV treatment (Figure 3.3 A,B). More significantly, the increase in H2Av phosphorylation that
occurs in wild type polytene chromosomes in response to UV irradiation is abolished in the su(Hw)e04061
mutant (Figure 3.3 A,B), hinting at a mechanism in which Su(Hw) is required for H2Av phosphorylation
upon DNA damage.
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To determine if Su(Hw) is involved in the cellular response to ionizing radiation, third instar larvae
were subjected to a 10 Gy dose of X-rays and allowed to recover for four hours. Immunostaining of diploid
cells from the larval brain revealed a significantly lower degree of H2Av phosphorylation in the unexposed
su(Hw)e04061 control as compared to the unexposed wild type control (Figure 3.4 A, B), a finding consistent
with previous results in polytene chromatin (Figure 2.2). Upon X-ray irradiation, phosphorylated H2Av
immunostaining levels increased significantly in both the wild type larvae and the su(Hw)e04061 mutant
(Figure 3.4 A, B). Likewise, western blotting of larval brains demonstrates a similar degree of H2Av
phosphorylation upon X-ray treatment in the wild type and su(Hw)e04061 mutant larvae (Figure 3.4 C).
Immunostaining reveals a near complete absence of Su(Hw) in the su(Hw)e04061 mutant, and there is no
change in Su(Hw) staining levels in wild type after X-ray irradiation (Figure 3.4 A, B). These findings suggest
that Su(Hw) is not necessary for H2Av phosphorylation in neuronal cells in response to ionizing radiation.
Immunostaining in polytene chromosomes shows the expected pattern for Su(Hw), with significantly
lower levels in su(Hw)e04061 mutants compared to the wild type control (Figure 3.4 D, E). Like diploid cells,
the level of nuclear Su(Hw) does not change in polytene chromosomes after X-ray treatment (Figure 3.4
D, E). As expected, the level of H2Av phosphorylation increases significantly in polytenes after X-ray
treatment (Figure 3.4 D, E). Unlike diploid cells, however, this response is inhibited in su(Hw)e04061
mutants, which show little γH2Av after irradiation (Figure 3.4 D, E). This is similar to the response seen
after UV irradiation in the su(Hw)e04061 mutants, hinting at a mechanism in which Su(Hw) is required for
H2Av phosphorylation upon various forms of double strand break formation in polytene cells.

Simultaneous mutation of ATR and ATM disrupts Su(Hw) binding dynamics on polytene chromatin
Based on our previous results, phosphorylation of H2Av stabilizes insulator protein complexes in polytene
chromatin. Several kinases have been reported to phosphorylate H2Av, with the Drosophila homologs for
ATR (mei-41) and ATM (tefu) being the key examples (Joyce et al., 2011). We therefore sought to
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determine the effect of mutation of each of these kinases by immunostaining polytene chromatin for
Su(Hw). We found no difference in the amount of Su(Hw) bound to chromatin in either single mutant
(mei-41D5 and tefuatm-3); however, there was a significant increase in the amount of Su(Hw) in the double
mutant (Figure 3.5 A, B). In addition, we measured the effect of these mutations on H2Av phosphorylation
in polytene chromatin. We found a significant increase in H2Av phosphorylation in the ATR/mei-41D5
mutant but not the ATM/tefuatm-3 mutant (Figure 3.5 A, B). The double mutant also showed significantly
more H2Av phosphorylation than wild type, though there was no difference between the double mutant
and the ATR/mei-41 single mutant, suggesting the difference is due to the mei-41 mutation alone (Figure
3.5 A, B).
Due to our data showing increased Su(Hw) binding in polytene chromosomes in the double
mutant (Figure 3.5) and after UV irradiation (Figure 3.2), we questioned what the response to UV
irradiation would be in these mutants. Su(Hw) immunostaining intensity increased after UV treatment in
the ATR/mei-41D5 mutant but not the ATR/mei-41D5 ATM/tefuatm-3 double mutant (Figure 3.6 A, B). The
lack of response in the double mutant may be due to natively high levels of Su(Hw) observed in the strain
(Figure 3.5 A, B). H2Av phosphorylation increased in response to UV irradiation in both the ATR/mei-41D5
mutant but not the ATR/mei-41D5 ATM/tefuatm-3 double mutant (Figure 3.6 A, B), suggesting one or more
other kinases may be acting redundantly with ATR and ATM in the UV response.

Discussion
Chromatin insulators play an essential role in setting up and maintaining genome architecture during
animal development by establishing long-distance interactions. These interactions help preserve the
integrity of the genome against the threat of genotoxic stress, and chromatin insulators actively respond
to DNA damage in higher eukaryotes. Here, we have demonstrated that the Su(Hw) insulator complex is
involved in the DNA damage response in multiple cell types in Drosophila larvae. In addition to the
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previously described role in Drosophila oocytes (Hsu et al., 2020), we find that null mutation of su(Hw)
results in generation of gross chromosomal aberrations in dividing larval neuroblasts. This mutant
phenotype is common among genes that are involved in detection, marking, and resolution of double
strand breaks, including the Aurora A kinase (aurA), ATR (mei-41), ATM (tefu), Twins (tws, a PP2A
specificity factor), and the topoisomerase gene Top2 (Gatti and Goldberg, 1991, Mengoli et al., 2014,
Merigliano et al., 2017, Merigliano et al., 2019). This fits in with a model in which Su(Hw) also helps
regulate the cellular response to DNA damage.
To test this model, the larvae were subjected to UV and X-ray irradiation, which cause DNA
damage through different mechanisms that is corrected through distinct pathways depending on the
nature of the lesion. Our work shows significant enrichment of the Su(Hw) protein and Mod(mdg4)67.2,
which is recruited to chromatin through interactions with Su(Hw), on polytene chromatin after UV
irradiation but not after X-ray treatment. Despite this, null mutation of su(Hw) significantly reduced the
degree of H2Av phosphorylation in polytene chromatin in response to DNA damage by either UV or X-ray
irradiation. This suggests that Su(Hw) is involved in the DNA damage response at the early step of labeling
double strand breaks with H2Av phosphorylation regardless of the source of damage. Su(Hw) enrichment
after UV treatment may reflect a mechanism that depends on insulator activity to respond to issues with
transcription and replication that arise from pyrimidine dimer formation that are absent in the damage
seen with ionizing radiation. It remains unclear if the enrichment of Su(Hw) in response to UV irradiation
is due to specific binding of Su(Hw) at sites of DNA damage/DSBs or if the enrichment reflects a genomewide response of chromatin insulators to large-scale damage to aid repair through architectural changes.
Next-generation techniques such as ChIP-seq and HI-C may provide further clues as to the exact
mechanism in future studies. The reliance on Su(Hw) for H2Av phosphorylation was not conserved in
diploid cells of the larval central nervous system, which express little Su(Hw). These cells are still able to
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phosphorylate H2Av after UV or X-ray irradiation even in the absence of Su(Hw), suggesting that
specialized roles may exist for certain insulator complexes in specific tissues.
Our findings on H2Av phosphorylation in polytene cells (Figure 3.5) also conflicts with findings
from meiotic cells in Drosophila, which show more H2Av phosphorylation in the absence of ATM/tefu but
not ATR/mei-41 (Joyce et al., 2011). Other results in mitotic neural cells show decreased frequency of
γH2Av foci formation in the tefuatm-6 mutant but not the mei-4129D mutants (Merigliano et al., 2017). The
reason for these discrepancies may be due to the difference in cell types, as meiotic cells, mitotic cells,
and polytene cells undergo significantly different developmental programs. The increase in Su(Hw)
binding to polytene chromatin in the ATR/mei-41D5 ATM/tefuatm-3 double mutant would imply that more
Su(Hw) accumulates in chromatin as DNA damage accrues in the absence of these two crucial DNA
damage sensors. One possibility for a mechanism is that the ATR and ATM kinases may be regulating the
activity of a phosphatase needed to diminish the amount of H2Av phosphorylation as DNA damage repair
proceeds.
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Chapter IV: Su(Hw) Regulates Hematopoietic Development in Drosophila Larvae
Abstract
Hematopoiesis, the formation the of lymph glands and circulating hematocytes that constitute the fly
circulatory and immune systems, is essential for organismal growth during larval stages and for
maintaining homeostatic conditions and fighting infections from exogenous insults. H2Av regulates
formation of the larval lymph gland, and reduction of H2Av causes formation of large melanotic tumors
in third instar larvae. Here, we show that mutation of su(Hw) in the His2Av810 mutant background rescues
the melanotic tumor phenotype. su(Hw)- His2Av810 double mutants are immunocompetent and form
supernumerary lymph gland lobes that are larger than those found in wild type. Overexpression of
Su(Hw)::GFP in Antennapedia-expressing cells results in lethality and spontaneous melanization in larvae.
We hypothesize that Su(Hw) regulates expression of Antennapedia in the larval lymph gland to affect the
differentiation of prohemocytes and lymph gland development.

Introduction
Differentiation and cell fate are crucial decisions that cells in complex, multicellular animals must make.
These choices regulate cell morphology and the biochemistry available to any given cell type and are
largely influenced by complex signaling networks that affect transcription of different sets of genes
depending on the developmental context and needs of the tissue. Transcriptional changes are often
driven by epigenetic modifications that adjust the expression of genes, driving cell specification and tissue
formation. The circulatory system of Drosophila larvae is composed of circulating hemocytes, pockets of
sessile hemocytes scattered throughout the animal, and the lymph gland which generates most cells of
the hemolymph. The lymph gland of a third instar larvae is comprised of three sets of lobes that run from
anterior to posterior along the dorsal vessel, which acts as the heart by moving hemocytes through the
larvae. The posterior two lobes, the secondary and tertiary lobes, are small and generate few hemocytes
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at this stage. The anterior-most primary lobe, however, is the largest and contains many undifferentiated
prohemocytes in addition to differentiated hematocytes, crystal cells, and lamellocytes. Differentiation
of prohemocytes is regulated by Hedgehog signaling generated from cells in the posterior signaling center
(PSC). PSC cell identity is determined by expression of Antennapedia, the lack of which results in
unregulated division of prohemocytes in the primary lobe.
Misregulation of H2Av was recently shown to have a striking phenotype in developing larvae.
Individuals homozygous for the His2Av810 null allele, or trans-heterozygous for the His2Av810 null allele
paired with a chromosomal deficiency lacking the His2Av gene (Df(3R)BSC524), frequently develop large
melanotic masses at their posterior ends (Grigorian et al., 2017). These tumors are derived from cells of
the lymph gland (the main hematopoietic tissue in flies) and are characterized by loss of differentiated
plasmatocytes and crystal cells and the undifferentiated prohemocytes from the primary lobes. It was
proposed that H2Av is necessary for prohemocytes to be competent to respond to Hedgehog signaling
from PSC cells, suggesting an inhibited transcriptional response in prohemocytes (Grigorian et al., 2017).
Based on our previous results showing extensive colocalization of H2Av with Su(Hw) insulator proteins
throughout the genome, we questioned whether interactions between H2Av and Su(Hw) are responsible
for proper hematopoiesis in Drosophila larvae. Our results imply a significant role for Su(Hw) in larval
hematopoiesis and a genetic interaction with H2Av that influences growth and differentiation of cells in
the lymph gland.

Methods and Materials
Fly stocks and husbandry
All stocks were maintained on a standard cornmeal agar fly food medium supplemented with yeast at
20°C; crosses were carried out at 25°C. The following stocks are maintained in our lab and were originally
obtained from Dr. Victor Corces (Emory University): w1118; su(Hw)V/TM6B, Tb1. The stock w1118;
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PBac(RB)su(Hw)e04061/TM6B, Tb1 was obtained from the Bloomington Drosophila stock center (BDSC:
18224). The His2Av::mCherry stocks were obtained from the Bloomington Drosophila stock center. These
remaining stocks were provided by our lab: OR, y2w1ct6; PBac(RB)su(Hw)e04061/TM6B, Tb1 (derived from
BDSC: 18224).

Antibodies
Rabbit polyclonal IgG antibodies against Su(Hw), Mod(mdg4)67.2, and CP190 were previously generated
by our lab (Wallace et al., 2010, Schoborg et al., 2013). An antibody against the phosphorylated form of
H2Av (UNC93-5.2.1) (Lake et al., 2013) was obtained from the Developmental Studies Hybridoma Bank,
created by the NICHD of the NIH and maintained at The University of Iowa, Department of Biology, Iowa
City, IA 52242. These antibodies were all diluted 1:1 in glycerol (Fisher Scientific, BP229-1, lot 020133)
and used at a final dilution of 1:200. Secondary antibodies were all diluted 1:1 in glycerol and used at a
final dilution of 1:200. The following secondary antibodies were used in this study: Alexa Fluor 594 goat
anti-rabbit (Invitrogen, A-111037, lot 2079421), Alexa Fluor 488 donkey anti-rabbit (Invitrogen, A-21206,
lot 1834802), and Alexa Fluor 488 goat anti-mouse (Invitrogen, A-11001, lot 1858182).

Fluorescence intensity and colocalization analysis
Images were analyzed for the amount of each protein (i.e. the intensity of each channel) using a macro
script in FIJI (Schindelin et al., 2012). The DAPI channel was used to automatically generate non-biased
ROIs for each cell, which were then manually curated for extra precision. A rolling-ball background
subtraction algorithm was used for all images. Intensity measurements were made using the measure
function. Numerous genomic images were collected from each sample. All acquisition parameters were
kept constant between slides within each experiment.

99

Generation of su(Hw)- His2Av810 double mutant genotypes
Briefly, flies with null mutations of su(Hw)e04061 and His2Av810 in the third chromosome were crossed (See
appendix, Figure A1). Female F1s in which recombination between the two mutant chromosomes
happened were crossed against the His2Av810/TM6B mutant background and potential recombinant
chromosomes were isolated in F2 males over the TM6B balancer. F2 males were selected for the presence
of the su(Hw)e04061 mutation based on eye color and used to establish isogenic lines after two more
generations of crossing. These lines were genotyped by PCR to determine the presence or absence of the
His2Av810 mutation. Gel electrophoresis of the PCR products revealed three double recombinant
su(Hw)e04061 His2Av810 mutant lines (Figure A2). As a control for potential second-site mutations on the
su(Hw)e04061 chromosome, double mutants were also generated using the su(Hw)V mutations. Flies with
null mutations of su(Hw)V and His2Av810 were crossed in the background of the y2ct6 gypsy insulator
mutations (Figure A3). Female F1s in which recombination between the two mutant chromosomes
happened were crossed against the su(Hw)e04061/TM6B mutant background and potential recombinant
chromosomes were isolated in F2 males over the TM6B balancer. F2 males were selected for the presence
of the su(Hw)V mutation based on the rescue of the y2ct6 mutant phenotype and used to establish isogenic
lines after two more generations of crossing. These lines were genotyped by PCR to determine the
presence or absence of the His2Av810 and su(Hw)V mutations. Gel electrophoresis of the PCR products
revealed multiple double recombinant su(Hw)V His2Av810 mutant lines (Figure A4).

Crystal cell detection and lymph gland phenotyping
Crystal cells in wandering third instar larvae were visualized by incubating between 5-10 larvae in 40 μL
1X PBS buffer in a 200 μL PCR tube in a thermocycler set to 70 °C for 10 minutes. Samples were left
overnight at 4 °C to increase the intensity of the melanization product for easier detection of crystal cells
and lymph glands. Larvae were placed in halocarbon oil 700 (Sigma, H8898) and photographed using a
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stereomicroscope (MZ16 FA; Leica Microsystems) equipped with a CCD color camera (DFC420; Leica
Microsystems). A 150 Watt white light source (KL 1500 LCD; Leica Microsystems) set to a color
temperature of 3,000 K was used for illumination. Images were collected using Leica Application Suite
(Version 2.4.0 R1; Leica Microsystems). Image analysis was performed in FIJI (Schindelin et al., 2012) by
counting the number of crystal cells visible on the dorsal side of each larvae. The frequency at which
lymph glands become visible after this treatment was recorded, as were measurements of the number of
lobes in each lymph gland and the size of each lobe.

Sterile wound assay
To determine whether mutant larvae had functional innate immune responses, a sterile wound assay was
performed. Wandering third instar larvae were selected, washed briefly in 1X PBS buffer and 70% ethanol,
and placed on a soft pad constructed of black construction paper (for contrast) taped to a folded-up paper
towel. Larvae were stabbed on the dorsal side along the midline approximately between abdominal
segments A3 to A4 (Galko and Krasnow, 2004) using an insulin syringe needle (Beckton, Dickinson, and
Company, Micro-fine IV 28G1/2, 0.36 mm diameter). In some cases, the needle penetrated all the way
through the ventral side of the larvae and clots were visible on both sides. Larvae were incubated in a vial
of fly food overnight at 25 °C before scoring. Larvae that died immediately after stabbing due to
unintentional damage were discarded from the count.

Results
Mutation of su(Hw) suppresses the His2Av810 melanotic tumor phenotype
Drosophila H2Av is involved in both DNA damage repair and in transcriptional regulation. As we previously
explored the relationship between Su(Hw) and H2Av phosphorylation in insulator protein mutants, we
next questioned how insulator activity and binding are affected by mutation of His2Av. As discussed
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previously, heterozygous mutation of His2Av in a heterozygous su(Hw) mutant background partially
rescues defects observed in the wing margins of ct6 mutants (Figure 3.9). Based on this, and on previous
immunostains showing extensive colocalization between Su(Hw) insulator components and γH2Av (Figure
3.1), we examined binding of insulator proteins to polytene chromatin in the His2Av810 null background.
Quantification of immunostaining signals revealed a slight but statistically significant increase in Su(Hw)
binding when comparing His2Av810 homozygotes with His2Av810/TM6B heterozygotes (Figure 4.1). No
difference was observed in the binding of the two other key components of the Su(Hw) insulator complex,
Mod(mdg4)67.2 and CP190, implying the effect of H2Av mutation on insulator binding to polytene
chromatin is minimal.
Our next question was to determine the effect of mutating insulator proteins on the phenotype
of His2Av mutants. To further explore this relationship between Su(Hw) and H2Av, we generated the
double mutant genotype su(Hw)- His2Av810 using established null mutations of su(Hw). As both genes
reside on the third chromosome, double mutant generation was performed by taking advantage of
meiotic recombination of chromosomes that is largely limited to female Drosophila (see methods and the
appendix for details). Double mutant su(Hw)- His2Av810 strains were confirmed by PCR and subjected to
immunostaining for insulator proteins and γH2Av. Staining for Su(Hw), Mod(mdg4)67.2, and γH2Av were
all significantly reduced in the su(Hw)e04061 His2Av810 mutants when compared to heterozygotes (Figure
4.2 A, B, and E); however, CP190 and CTCF staining were unaffected (Figure 4.2 C, D).
His2Av810 null mutants were recently described to form large melanotic masses in their posterior
ends as third instar larvae (Grigorian et al., 2017). Inspection of the new double homozygous su(Hw)His2Av810 genotypes revealed a nearly complete rescue of the melanotic tumor phenotype presented by
His2Av810 homozygotes, implying a genetic interaction between the two genes that influences the
outcome of the hematopoiesis. Whereas the vast majority of His2Av810 homozygous larvae developed
large melatonic tumors in their posterior ends, none of the examined su(Hw)e04061 His2Av810 homozygous
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larvae showed such masses (Figure 4.3). This result was replicated in the other double homozygous
mutant su(Hw)e04061 His2Av810, suggesting that the rescue is most likely due to mutation of the su(Hw)
gene specifically and not due to a second-site mutation on the same chromosome. Crossing the double
mutants against the single His2Av810 mutant allowed us to monitor how a partial reduction in the dose of
su(Hw) affects formation of melanotic tumors in the His2Av810 homozygote.

Unlike the double

homozygote, larvae generated from this cross showed large masses but at a significantly lower frequency
than the His2Av810 mutants alone. These results demonstrate that these masses form in the presence of
Su(Hw), and that reducing the amount of Su(Hw) available in the cell is associated with decreased tumor
size and frequency.

su(Hw)- His2Av810 larvae exhibit overgrowth of lymph glands
To further characterize the relationship between Su(Hw) and H2Av in the hematopoietic lineage, third
instar larvae were subjected to heat treatment at 70°C. This heat treatment triggers catalysis of the
prophenoloxidase enzymes found in crystal cells, resulting in melanin production and subsequent
darkening of the cell (Banerjee et al., 2019). This provides a convenient means to visualize the numbers
and distribution of crystal cells in heat-treated larvae (Figure 4.4 A). Heat-treated wild type larvae show
around 50 crystal cells visible from the dorsal side, while su(Hw)e04061 homozygous larvae display
significantly more crystal cells with around 200 visible per larvae (Figure 4.4 B, C). His2Av810 homozygous
larvae show similar numbers of crystal cells as wild type; however, this mutant was reported to have
reduced lymph glands and exhibits large melanotic tumors that contain many crystal cells (Grigorian et
al., 2017), obfuscating interpretation of this genotype. su(Hw)e04061 His2Av810 homozygous double mutant
larvae generate significantly more crystal cells as the wild type but a similar number compared to the
su(Hw)e04061 single mutant (Figure 4.4 B, C).
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a mild phenotype, and the black represents a severe phenotype. Blue background in the graph indicates
homozygosity for wild type His2Av, green indicates heterozygosity for His2Av810, and red indicates
homozygosity for His2Av810. Sample size is shown above each genotype.
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In addition to the circulating crystal cells that become visible upon heat treatment, the lymph
glands themselves sometimes become visible due to the presence crystal cells (Figure 4.4 A). The
frequency of observable lymph glands after heat treatment is significantly higher in the su(Hw)e04061
His2Av810 mutants than the wild type (Figure 4.4 D). Shockingly, the lymph glands in su(Hw)e04061 His2Av810
double mutants were significantly overdeveloped compared to those in wild type larvae, often showing
supernumerary lobes (Figure 4.4 B, D). Indeed, some larvae in the su(Hw)e04061 His2Av810 homozygous
mutant displayed up to eight large lymph gland lobes and the average size of lymph gland lobes was
significantly larger in the su(Hw)e04061 His2Av810 double mutant than wild type (Figure 4.4 B, D, E).
Supernumerary lymph gland lobes were also observed at a low frequency in larvae homozygous for
su(Hw)e04061 and heterozygous for His2Av810 (Figure 4.4 D).
Since immune system development in Drosophila larvae depends largely upon hematopoiesis in
the lymph gland, we tested the innate immune response in these larvae using a sterile wound assay. This
involves stabbing larvae using an ultrafine sterile needle and monitoring surviving larvae for clot formation
and melanization at the site of wounding (Figure 4.5 A). This assay revealed that, like the wild type strain,
su(Hw)e04061 His2Av810 double mutants are competent to form clot in response to sterile injury (Figure 4.5
B, C). su(Hw)e04061 single mutants also form clots in response to sterile wounds; however, His2Av810
mutants form clots at a slightly lower frequency compared to wild type, likely a result of the hematopoietic
phenotypes reported previously (Figure 4.5 C). It was also noted that the su(Hw)e04061 His2Av810 double
mutants grew to significantly larger sizes as third instar larvae compared to wild type (data not shown),
possibly as a result of overactive lymph development. Despite the rescue of the His2Av810 hematopoietic
phenotypes observed the su(Hw)e04061 His2Av810 double mutant, mutation of su(Hw) in the His2Av null
background was not enough to overcome the completely penetrant lethality associated with the inability
to express the essential H2Av histone, with double mutants showing 100% lethality before the end of the
pupal stage (data not shown).
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Figure 4.4. su(Hw)-His2Av810 larvae exhibit overgrowth of lymph glands. A. Illustra�on showing the
hea�ng assay, which involves incuba�ng larvae at 70 °C and monitoring for melaniza�on of individual cells
and lymph glands. B. Representa�ve examples of melanized cells and lymph glands. The y2w1ct6;
su(Hw)V/e04061His2Av810 mutant genotype shows larger lymph glands with supernumerary lobes. The scale
bar represents 0.5 mm. C. Quan�ﬁca�on of melanized spots observed a�er heat treatment for each
genotype.

P-values were determined using an ordinary one-way ANOVA with Tukey’s mul�ple

comparisons test. D. Number of lymph gland nodes per larvae observed in each genotype. P-values were
determined using pairwise Chi-squared tests. E. Measurements of lymph gland lobe size in diﬀerent
genotypes. P-values were determined using ANOVA with Dunne�’s mul�ple comparisons. * P < 0.05, **
P < 0.01, *** P < 0.001, **** P < 0.0001.
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Development of the larval lymph gland is influenced by Antennapedia, which is expressed in the
posterior signaling center (PSC), a group of cells at the posterior end of the primary lymph gland that
regulates cell fate and differentiation among undifferentiated prohemocytes through paracrine signaling
(Krzemień et al., Mandal et al.). We therefore wondered what the effect would be on lymph gland
structure and crystal cell production when overexpressing Su(Hw) in cells that normally express
Antennapedia during larval development. Expression of a UAS-Su(Hw)::GFP construct driven by AntpGAL4 resulted in significant lethality at early developmental stages (data not shown), and produced larvae
with severe growth defects and small degrees of spontaneous melanization of crystal cells (Figure 4.6 B).
A review of publicly available ChIP-seq data reveals the presence of Su(Hw) insulator components in the
Antp gene, between the transcription start site and the start codon (Figure 4.6 C), suggesting that Antp
expression may be regulated by Su(Hw).

Discussion
Our investigation into the relationship between H2Av and Su(Hw) revealed a genetic interaction with
significant and pleiotropic effects in larval hematopoiesis. That rescue of the melanotic tumor phenotype
occurs in a Su(Hw) dose-dependent manner is not surprising, as hematopoietic phenotypes in the
His2Av810 mutant result from either reduction or increases in His2Av expression.

For example,

overexpression of wild type H2Av results in less cohesion between posterior signaling center (PSC, a stem
cell/tissue organizing hub) cells and fewer differentiated plasmatocytes and crystal cells. This would imply
that a precise concentration of H2Av is needed for normal development of this critical tissue. The same
is likely true for Su(Hw), which regulates expression of crucial genes through stoichiometric interactions
with related proteins.
An H2Av-dependent function with lymph gland formation is evident as mutation of su(Hw) alone
is insufficient for lymph gland overgrowth phenotype. Indeed, mutation of His2Av alone results in
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Figure 4.6. Overexpression of su(Hw) in Antp-expressing cells results in spontaneous melaniza�on and
lethality. A. Wild type OR larvae for size comparison. B. Example of Antp::GAL4; UAS-su(Hw)::GFP larvae.
Le�: shown at the same scale as A. Middle: close-up showing brigh�ield image overlaid with ﬂuorescence
from Su(Hw)::GFP observed at the anterior and posterior ends. Spontaneous melaniza�on is observed on
the le� side of the larvae. Right: Magniﬁed view of the anterior end of the larvae showing only
Su(Hw)::GFP. The scale bars in A. and B. represent 0.5 mm. C. Publicly available ChIP-seq data shows
binding of Su(Hw) insulator complex components, including γH2Av, between the transcrip�on start site
and start codon of Antennapedia (Antp).
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diminished lymph glands, a finding consistent with previous work (Grigorian et al., 2017), whereas
mutation of both su(Hw) and His2Av together generates overgrown lymph glands (Figure 4.4 D). Evidence
is also provided in a previous study that phosphorylation of H2Av is not required for its activity in
regulating hematopoietic tissue development (Grigorian et al., 2017). First, expression of a dominant
negative mutant allele of His2Av lacking the C-terminal 14 amino acid H2AX-like motif (H2AVCT) (Clarkson
et al., 1999) partially rescues hematopoiesis in the His2Av810 null background and allows larvae to survive
to adulthood (Grigorian et al., 2017). Second, overexpression of either the phosphomimetic H2AVSE or
the phosphonull H2AVSA alleles was able to partially rescue the phenotype seen in the His2Av810 null
background (Grigorian et al., 2017). These results from the His2Av810 background may also extend to the
role that Su(Hw) is playing in this process. Su(Hw) is required for genomic stability but can also act as a
transcription factor, leading to the question of which role for Su(Hw) is involved in the hematopoietic
pathway.
We hypothesize that Su(Hw) acts as a transcription factor in the hematopoietic cell lineage,
affecting the expression of genes that influence lymph gland development and/or the melanization
process. Based on our findings of a Su(Hw) binding site upstream of the Antp start codon and that
overexpression of Su(Hw) in Antp-expressing cells causes growth defects and spontaneous melanization
(Figure 4.6), it is possible that Su(Hw) is necessary for regulating expression of Antp in cells of the PSC.
Too much Su(Hw) is associated with growth defects, while lack of Su(Hw) in an His2Av mutant background
causes severe overgrowth of lymph glands and larval size. Alternatively, as the generation of reactive
oxygen species (ROS) in cells of the PSC is involved in the lamellocyte maturation pathway (Sinenko et al.,
2011), DNA damage that occurs as a result of ROS generation may be relevant. If so, this provides another
potential mechanism through which Su(Hw) may impact hematopoietic development. This remains an
open question that will be addressed in future experiments.
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Chapter V: Fragile X and DNA Damage Repair
Abstract
Mutations of the human FMR1 (fragile X mental retardation) gene result in Fragile X syndrome, a leading
heritable form of mental disability throughout the world. Animal models have revealed a role for the FMR
protein in the DNA damage response. We show evidence here that dFMRP is not actively shuttled from
the cytoplasm to the nucleus in response to various forms of genotoxic stress. Mutation of dFmr1 is
associated with accumulation of second-site mutations in genes touching many different developmental
and homeostatic pathways. Mutation of dFmr1 is associated with decreased expression of su(Hw) in
diploid cells of the central nervous system. We propose a mechanism in which dFMRP indirectly regulates
su(Hw) expression in these cells through an intermediate inhibitory protein.

Introduction
Fragile X syndrome (FXS) in humans is directly linked to mutations in the FMR1 (fragile X mental
retardation) gene and is the most common monogenic cause of intellectual disability and autism (Ciaccio
et al., 2017). Fragile X patients generally exhibit issues with cognition and behavior in addition to showing
certain physical characteristics associated with the syndrome. In humans, most cases of fragile X
syndrome are caused by an expansion of a CGG trinucleotide repeat in the 5’ UTR of the FMR1 gene (Fu
et al., 1991, Verkerk et al., 1991), resulting in hypermethylation of this region and subsequent
transcriptional silencing of the FMR1 gene (Oberle et al., 1991, Pieretti et al., 1991). A number of cases,
however, have been caused by mutations at highly conserved residues in different domains of FMRP.
These mutations have been instructive in understanding the cellular roles of FMRP and how different
domains contribute to these roles.
FMRP has been shown to bind mRNAs and inhibit their translation (Bassell and Warren, 2008) in
the post-synaptic compartment of neurons, where FMRP regulates translation of mRNAs whose products

113

modulate the activity of the post-synaptic density (Antar and Bassell, 2003). Model systems to study FXS
have been developed in both mice and Drosophila. The FMR protein is well conserved from flies to
humans (Wan et al., 2000) and contains two tandem amino-terminal Agenet domains that are associated
with binding methylated histones (Alpatov et al., 2014) followed by three KH domains used for binding
mRNAs and an RGG domain also used for RNA binding (Myrick et al., 2015). The FMR protein also contains
a nuclear localization sequence (NLS) and nuclear export sequence (NES) and has been shown to traffic in
and out of the nucleus (Dictenberg et al., 2008).
While much of the characterization of FMRP activity has focused on its role in the cytoplasm of
the dendrites and synapses, little is known about how FMRP functions when it is in the nucleus. Recently,
however, a number of studies have supported a potential role for FMRP in the DNA damage response
(DDR) pathway in mice and Drosophila. One finding is the localization of FMRP to sites of double strand
breaks along chromosomes in meiotic mouse spermatocytes (Alpatov et al., 2014); these chromosomes
undergo a program of breaking and repair as part of homologous recombination and foci of FMRP may be
involved in repair of these breaks. Another recently reported nuclear role for FMRP is that it is required
for phosphorylation of H2AX in mice, one of the earliest steps in the DDR, and that FMRP binding of
chromatin via the Agenet domains was necessary for this response (Alpatov et al., 2014). This role in the
nucleus was shown to be distinct from FMRP’s role in regulating synaptic activity as mutations in the
Agenet domain that impair DNA repair do not affect synaptic plasticity. Previous work in our lab has also
suggested a necessary role for insulators in DNA repair: flies that are mutant for su(Hw) show significant
increases in the levels of phosphorylated H2Av. This implies that insulators are either required to prevent
DNA damage or that they are crucial for repair. These findings together suggest that both dFMRP and
insulators are involved in DNA repair, potentially in the same pathway.

114

Methods and Materials
Fly stocks and husbandry
All stocks were maintained on a standard cornmeal agar fly food medium supplemented with yeast at
20°C; crosses were carried out at 25°C. The following stocks are maintained in our lab and were originally
obtained from Dr. Victor Corces (Emory University): w1118; su(Hw)V/TM6B, Tb1. The stock w1118;
PBac(RB)su(Hw)e04061/TM6B, Tb1 was obtained from the Bloomington Drosophila stock center (BDSC:
18224). The dFmr13 null allele, the wild-type rescue of this mutant, and the Venus::dFmr1 and yw; actinGAL4 stocks were obtained from Dr. Thomas Dockendorff. The dFmr1Δ50M and dFmr1Δ113M null alleles and
the His2Av::mCherry stocks were obtained from the Bloomington Drosophila stock center. These
remaining stocks were provided by our lab: OR, y2w1ct6; PBac(RB)su(Hw)e04061/TM6B, Tb1 (derived from
BDSC: 18224).

Antibodies
A rabbit polyclonal IgG antibody against Su(Hw) was previously generated by our lab (Wallace et al., 2010,
Schoborg et al., 2013). Antibody against the phosphorylated form of H2Av (UNC93-5.2.1) (Lake et al.,
2013) was obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH
and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. These antibodies
were all diluted 1:1 in glycerol (Fisher Scientific, BP229-1, lot 020133) and used at a final dilution of 1:200.
Secondary antibodies were all diluted 1:1 in glycerol and used at a final dilution of 1:200. The following
secondary antibodies were used in this study: Alexa Fluor 594 goat anti-rabbit (Invitrogen, A-111037, lot
2079421), Alexa Fluor 488 donkey anti-rabbit (Invitrogen, A-21206, lot 1834802), and Alexa Fluor 488 goat
anti-mouse (Invitrogen, A-11001, lot 1858182).
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Immunostaining of larval tissues
Wandering third instar larvae were dissected in PBS. Tissues were immediately placed into fixative (4%,
para-formaldehyde (Alfa Aesar, 43368, lot N13E011), 50% glacial acetic acid (Fisher Scientific, A38-212,
lot 172788)) on a coverslip for one minute. Samples were squashed by lowering a slide on top of the
sample then turning it over, placing it between sheets of blotting paper, and hitting the coverslip firmly
with a small rubber mallet. Slides were dipped in liquid nitrogen, coverslips were removed, and samples
were incubated in blocking solution (3% powdered nonfat milk in PBS + 0.1% IGEPAL CA-630 (SigmaAldrich, 18896, lot 1043)) for 10 minutes at room temperature. The slides were dried and incubated with
primary antibodies overnight at 4°C in a box humidified with wet paper towels. The next day, slides were
washed twice in PBS + 0.1% IGEPAL CA-630 before incubation with secondary antibodies for three hours
in the dark at room temperature. Slides were washed twice in PBS + 0.1% IGEPAL CA-630, treated with
DAPI solution of 0.5 μg/mL (ThermoFisher, D1306) for one minute, and washed one more time in PBS
alone.
Samples were mounted with Vectashield antifade mounting medium (Vector Laboratories, H1000, lot ZF0409) and coverslips were sealed with clear nail polish. All microscopy for immunostaining
was performed on a wide-field epifluorescent microscope (DM6000 B; Leica Microsystems) equipped with
a 100X (NA 1.35) oil immersion objective and a charge-coupled device camera (ORCA-ER; Hamamatsu
Photonics). Image acquisition was performed using SimplePCI (v6.6; Hamamatsu Photonics). Image
manipulation was performed in FIJI (Schindelin et al., 2012); all contrast adjustments are linear. Images
were further processed in Adobe Photoshop CS5 Extended, Version 12.0 x64. Figures were assembled in
Adobe Illustrator CS5, Version 15.0.0. Statistical analyses were performed in GraphPad Prism version 8.0.0
(224) (GraphPad Software, San Diego, CA).
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Fluorescence intensity analysis
Images were analyzed for the amount of each protein (i.e. the intensity of each channel) using a macro
script in FIJI (Schindelin et al., 2012). The DAPI channel was used to automatically generate non-biased
ROIs for each cell, which were then manually curated for extra precision. A rolling-ball background
subtraction algorithm was used for all images. Intensity measurements were made using the measure
function. Numerous genomic images were collected from each sample. All acquisition parameters were
kept constant between slides within each experiment.

Live-cell imaging
Small petri dishes with a hole sealed by a cover slip on the bottom were prepared before dissection; the
coverslip was coated with 0.01% poly-L-lysine to help tissues adhere to the glass surface. Petri dishes
were filled with insect culture medium prior to and during microscopy. Wandering third instar larvae
were expressing the fluorescently tagged proteins were generated by crossing a stock containing both
fluorescently tagged genes with a stock containing the actin-GAL4 driver. These larvae were dissected in
insect culture medium and tissues were adhered to the coverslip in the petri dishes. Live-cell imaging was
performed on a spinning disk confocal microscope using red (561 nm) and green (488 nm) channels, taking
single Z-plane images every 5 seconds. The isotonic insect culture medium was initially replaced with
hypertonic insect culture media supplemented with 250 mM NaCl by pipetting. The hypertonic media
was then replaced with isotonic media to allow for recovery from osmotic stress.

Western blotting
Tissues were dissected from wandering third instar larvae in 1X PBS. Tissues were collected in RIPA buffer
(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0) supplemented
with protease inhibitor (A32953, Thermo Scientific) and a phosphatase inhibitor (A32957, Thermo
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Scientific). Samples were homogenized in a 500 μL PCR tube with a motorized pestle, mixed with 5X
loading buffer (0.5 M Tris-HCl, pH6.8, 5% SDS, 0.0125% bromophenol blue, 12.5% β-mercaptoethanol,
50% glycerol) and 15% per volume β-mercaptoethanol, and boiled for 10 minutes. Protein samples were
separated on 8% polyacrylamide gels and transferred onto 0.45 μm PVDF membranes. Membranes were
blocked in a solution of 20% Odyssey Blocking Buffer (LI-COR, 927-50000) in TBS at room temperature for
one hour. Membranes were incubated in primary antibodies diluted in TBST at 4 °C overnight. Primary
antibodies used in these western blots include the mouse monoclonal α-dFMRP (5A11; 1:1,000), our
rabbit polyclonal α-dFMRP antibody (35261; 1:500), and mouse monoclonal α-beta tubulin (E7; 1:10,000).
Next, membranes were washed four times in TBST, 5 minutes each wash. Membranes were then
incubated in secondary antibodies diluted in TBST at room temperature for one hour. Secondary
antibodies used in these western blots include Goat α-rabbit 680 RD (1:10,000) and Donkey α-mouse 800
CW (1:10,000). Membranes were washed four times in TBST followed by two washes in TBS, 5 minutes
each wash. Blots were imaged on an Odyssey CLx scanner (LI-COR). Image files were manipulated in FIJI
for analysis and presentation (Schindelin et al., 2012).

Results
Generation and characterization of novel polyclonal antibodies against dFMRP
In order to probe the nuclear mechanisms behind these recently described phenomena, our laboratory
has developed new antibodies against Drosophila FMRP. The use of giant polytene chromosomes
obtained from larval salivary glands provides an opportunity to map proteins to specific genomic loci
through immunofluorescence. This method also allows proteins to be compared to determine whether
or not they bind the same genomic regions. Initial experiments using commercially available antibodies
against dFMRP were unsuccessful at showing reproducible binding patterns in polytene chromosomes,
leading our lab to develop two new polyclonal antibodies. These antibodies were obtained using the
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amino-terminus of dFMRP as an antigen. This region was chosen as it contains two tandem Agenet
domains that preferentially bind methylated histones and are crucial for FMR’s role in the DNA damage
response. These antibodies are specific to dFMRP and provide reproducible staining patterns on western
blots (Figure 5.1). Our polyclonal dFMRP rabbit antibody reproduced the same banding pattern as the
commercially available mouse monoclonal antibody (5A11). dFMRP protein was observed in wild type
backgrounds but not in the homozygous null dFmr13 background. The signal was also significantly reduced
when knocking down dFmr1 expression using two independent RNAi constructs. To confirm specificity,
wild type dFmr1 was expressed in the mutant dFmr13 background using a P-element on the second
chromosome. The band was labelled by both antibodies in this sample, demonstrating that our rabbit
polyclonal is specific to dFMRP in western blots.

Su(Hw) signal is reduced in diploid cells in several null dFmr1 mutant backgrounds
We next sought to determine whether or not our rabbit polyclonal antibodies are able to specifically label
dFMRP in immunostains of larval tissues. In diploid cells, binding of our polyclonal dFMRP antibody
(35262) was normal in wild type cells, but significantly reduced in several different null mutant genotypes
(Figure 5.2). The lowest amount of signal was observed in genotypes carrying the dFmr1Δ50M mutation,
which is associated with the most severe phenotypes. This direct correlation between the presence of
wild type dFmr1 and the amount of signal in the immunostain seems to confirm that our antibody
specifically labels dFMRP in diploid cells. Another important result from this experiment is the observation
that Su(Hw) antibody labelling is significantly reduced in dFmr1 null mutants. This points to a genetic
interaction between su(Hw) and dFmr1, although the nature of this relationship remains unclear. dFMRP
may be required for the recruitment or stabilization of Su(Hw) on chromatin. However, it is also possible
that this relationship is due to dFMRP’s role as a translational repressor of many substrates. In this case,
dFMRP may be repressing expression of an unknown factor that is required either for expression of su(Hw)

119

or for the stable binding of Su(Hw) protein to chromatin. Despite the ability for the novel rabbit polyclonal
antibodies to label dFMRP in diploid cells, immunostaining in polytene chromatin was unreliable. While
significant decreases in fluorescent intensity of the antibody signals were noted in an RNAi experiment
(data not shown), many bands were present throughout the polytene chromatin that were not specific to
dFMRP. Based on this conclusion we were unable to use these antibodies for further staining in this tissue.
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Figure 5.1. New polyclonal antibodies specifically label FMRP. Western blots showing the presence or
absence of dFMRP in various genotypes. Each channel is shown independently in greyscale and together
as a green and magenta merged image. Fmr1 RNAi V10 and Fmr1 RNAi V20 represent two independent
RNAi lines. 5A11 = mouse monoclonal antibody, 35261 = rabbit polyclonal antibody. Anti-tubulin
antibody (E7) was used as a loading control for the blot on the right.
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Figure 5.2. Su(Hw) signal is reduced in dFmr1 mutant larval brains. A. Fluorescent micrographs of each
genotype showing Su(Hw) (green) and dFMRP (red) with DAPI (blue) labeling DNA. B. Quan�ta�ve
measurements of Su(Hw) an�body intensity. C. Quan�ta�ve measurements of dFMRP rabbit polyclonal
an�body (35262) intensity. D. Covariance of the dFMRP and Su(Hw) an�body signals. Dashed lines
indicate the range of the inset in E. E. Close-up of the inset from D.
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dFMRP remains cytoplasmic in polytene cells during genotoxic stress
Only a minor fraction of cellular dFMRP can be found in the nucleus under normal conditions, making
study of nuclear dFMRP difficult. In another attempt to visualize nuclear dFMRP bound to chromatin, we
subjected cells to several forms of genotoxic stress paired with either immunostaining or live-cell imaging.
In one example of these experiments, salivary glands expressing Venus::dFMRP and H2Av::mCherry as a
chromatin marker were examined (Figure 5.3). The tissue was initially submerged in isotonic insect cell
culture medium; in this condition dFMRP is seen throughout the cytoplasm but there is no discernable
dFMRP seen in the nucleus. Stress was induced by replacement of the isotonic medium with medium
made hypertonic by increasing the concentration of NaCl by 250 mM. During this stress, the cells
contracted as expected in a hypertonic solution, and the nuclei were tightly squeezed by the pressure.
Despite this, there was still no Venus::dFMRP observed in the nucleus. This pattern remained as the tissue
was returned to isotonic conditions, indicating the dFMRP is not trafficked into the nucleus in response to
osmotic stress or during the recovery period after stress. One limitation of this experiment is that the
green fluorescent Venus tag on dFMRP in this experiment may interfere with nuclear import; however,
immunostaining results replicated this result (data not shown). We next tested other forms of genotoxic
stress, including exposure to ultraviolet light and to x-ray irradiation. Similar to our results with osmotic
stress, no increase in the nuclear fraction of dFMRP was ever noted in these experiments (data not
shown).
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Figure 5.3. dFMR1 remains cytoplasmic in polytene cells during osmotic stress. A. Time course of livecell imaging showing the same cell before, during, and after hyperosmotic stress. H2Av::mCh is shown in
magenta, Venus::dFMRP is shown in green. B. Shows the greyscale images for each channel during the
maximal response to hyperosmotic stress.
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Mutation of dFmr1 is associated with accumulation of second-site mutations but not with chromosomal
aberrations
One early observation made when studying dFmr1 mutations for their effect on genome stability was the
suppression of the chromatin insulator-dependent cut6 phenotype. This phenotype results in a jagged
appearance to the wing margin of adult flies due to decreased cell division during development and is due
to the placement of a gypsy insulator between the cut promoter and enhancer. The suppression of this
phenotype was first thought to be due to the null dFmr1 mutation, however suppression of this phenotype
was subsequently characterized in genotypes with wild-type dFmr1, implying that dFMRP is unrelated to
this phenotype. During this study, whole genome sequencing was used to determine whether or not
other insulator sequences or other genes were affected in the dFmr13 background. Sequencing revealed
the presence of thousands of single nucleotide polymorphisms, some of which have been previously
described but the majority are novel SNPs with unknown consequences. Many insertions/deletions were
noted as well, spread throughout the genome. Of particular relevance, mutations were noted in the
coding regions of several genes we had been trying to study interactions with, including the insulator
complex genes mod(mdg)4, ctcf, GAGA/trl, and beaf-32. Mutations were also found in genes for key
regulator proteins that influence the DNA damage response and cell cycle progression such as the PP2A
subunit twins (tws). Our results here were recently corroborated by research performed with another
null dFmr1 allele, dFmr1Δ50M. This null allele is commonly used in the fruit fly fragile-X model system as a
means to knock out dFMRP activity; however, this genotype is also riddled with second-site mutations
that influence the phenotypes that have so far been blamed on the lack of dFMRP. Specifically, these
researchers found 8 quantitative trait loci that were responsible for promoting supernumerary synapse
formation in the brain (Kennedy et al., 2020). These similar results from two different mutations of dFmr1
that had been maintained independently for nearly two decades seem to indicate that dFmr1 mutants are
prone to accumulation of second-site mutations. Whether this is related to DNA damage that goes
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unresolved in the absence or dFMRP or is the consequence of the lack of translational regulation that
occurs without dFMRP is still unknown.
Previous research has implicated dFMRP in the DNA damage response and we were able to
observe high rates of mutation in our null dFmr13 background. This led us to test genome stability in the
absence of dFMRP by examining mitotic chromosomes in dividing larval neuroblasts. These are neural
stem cells that give rise to differentiated neurons and glia and provide a reliable source of metaphase
chromosomes. As we hypothesized that dFMRP and Su(Hw) were functioning together, this experiment
was performed in null mutant backgrounds of each gene and with a su(Hw)e04061 dFmr13 double mutant.
While initial results suggested that mutation of both genes together was responsible for the appearance
of chromosomal aberrations (CABs), further testing revealed that the aberrations were due to mutation
of su(Hw) alone. This is based on the finding that mutation of dFmr1 alone does not cause CAB formation
and that mutation of dFmr1 in the su(Hw)e04061 background has no effect on CAB frequency (data not
shown).

Discussion
In the course of our experiments we were able to develop two new rabbit polyclonal antibodies against
the N-terminal region of dFMRP. We demonstrated that the antibody was specific to dFMRP in western
blots and immunostains of diploid cells. However, we were unable to use these antibodies to image
nuclear dFMRP in diploid cells, and results in polytene nuclei were unreliable due to non-specific binding.
We continued our efforts to visualize nuclear dFMRP by immunostaining and live-cell imaging but were
never able to record any significant chromatin-bound dFMRP. Of special interest, mutation of dFmr1 was
strongly associated with decreased nuclear Su(Hw) signal in diploid brain cells, indicating a potential
genetic interaction. Su(Hw) expression is relatively high in the neuroblast stem cells that give rise to the
more differentiated cells of the brain and decreases as cells become differentiated neurons and glia. One
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hypothetical model is that dFMRP is negatively regulating the expression of a factor that would typically
repress su(Hw) expression. Such a case would not be surprising given the wide range of targets dFMRP is
responsible for regulating (Bassell and Warren, 2008). In the absence of dFMRP this factor may then
become expressed and affect the expression of su(Hw) and potentially other genes. Further experiments
will be needed to determine whether this model is correct or if there is a more direct relationship between
dFMRP and Su(Hw) such as co-operative binding in chromatin. Initial experiments in dFmr13 su(Hw)e04061
double mutants revealed CABs in dividing larval neuroblasts. While these aberrations were unrelated to
the dFmr13 mutation and were, in fact, due to mutation of su(Hw), these experiments provided the basis
for the remainder of the research presented here.
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Final Conclusions
We have shown that Su(Hw) is essential for maintaining genome stability and we have characterized its
relationship with the sole H2A variant described in Drosophila. We show that Su(Hw) and γH2Av colocalize
throughout the genome and that His2Av contributes to gypsy insulator function in chromatin and in
insulator bodies. We observe significantly less H2Av phosphorylation in the absence of Su(Hw), however,
lack of H2Av has little effect on the recruitment or stability of insulator proteins in chromatin. We propose
a model from these findings in which phosphorylation of H2Av is stabilized by an intact insulator complex
and that this contributes to the function of the insulator itself. Kinase and phosphatase activity targeted
to H2Av may act to regulate the activity of insulator complexes. Perhaps the most visceral manifestation
of this interaction is the suppression of the melanotic tumor phenotype seen in His2Av mutants. These
tumors are thought to result from the lack of transcriptional regulation brought about by His2Av mutation
and is not related to the DNA damage response roles of H2Av. We conclude that Su(Hw) may be
influencing the expression of genes in the same pathway as H2Av, and that mutation of su(Hw) and His2Av
in the same tissue restores the proper expression program, thereby preventing tumor formation. In
addition to this, the interaction between H2Av and Su(Hw) clearly regulates the growth of larval lymph
glands and likely the differentiation of hemocytes. This points to converging pathways of transcriptional
regulation of key developmental genes in this tissue and future experiments will seek to unravel the
molecular mechanism behind this interaction. Future experiments may also test to see if this interaction
is conserved in the other tissues H2Av function is known to regulate or if this is specific to the lymph gland.
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Figure A.1. Gene�c crossing and phenotypic selec�on screen to generate su(Hw)e04061His2Av810 double
mutants. The su(Hw)e04061 genotype is abbreviated as su(Hw)e and contains a visible white+mC (w+) marker.
The TM6B balancer chromosome contains the visible tubby1 (tb1) marker. The red X (X) in the F1
genera�on indicates meio�c recombina�on in the female third chromosome.
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Figure A.2. Confirmation of su(Hw)e04061His2Av810 double mutants by PCR. A. Schematic of the diagnostic
PCR used to verify double mutants for the presence of His2Av810, a mutation generated by the deletion of
311 base pairs. The mutant genotype therefore produces a smaller amplicon with primers placed outside
the deleted region. B., C. Agarose gels showing PCR results from genomic DNA samples gathered from
wild type OR, control His2Av810, and potential recombinant lines.

Red boxes indicate successful

recombinant genotypes. Ladder image is from neb.com.
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Figure A.3. Gene�c crossing and phenotypic selec�on screen to generate su(Hw)VHis2Av810 double
mutants. The su(Hw)e04061 genotype is abbreviated as su(Hw)e and contains a visible white+mC (w+) marker.
The TM6B balancer chromosome contains the visible tubby1 (tb1) marker. Popula�ons with genotypes
transheterozygous for the su(Hw)e04061 and su(Hw)V chromosomes were selected for by screening for
rescue of the y2 and ct6 phenotypes. The red X (X) in the F1 genera�on indicates meio�c recombina�on
in the female third chromosome.
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Figure A.4. Confirmation of su(Hw)VHis2Av810 double mutants by PCR. A. Schematic of the diagnostic
PCR used to verify double mutants for the presence of su(Hw)V and His2Av810, both mutations generated
by the deletion of hundreds of base pairs. The mutant genotypes therefore produce smaller amplicons
with primers placed outside the deleted regions. B., C. Agarose gels showing PCR results from genomic
DNA samples gathered from potential recombinant lines for su(Hw)V (B.) and His2Av810 (C.). Red boxes
indicate successful recombinant genotypes. Ladder image is from neb.com.
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